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I. INTRODUCTION 
A recurring problem that plant breeders face is the large numbers of 
plants and lines that need to be tested after hybridization. Often 
several thousand lines must be evaluated in a single year. Efficient 
evaluation of such large numbers of lines in field experiments is 
laborious, expensive, and difficult to manage because of the confounding 
effects that genotype x environment interaction and soil heterogeneity 
have upon genotypic expression. Additionally, lines in early generations 
usually are represented by limited seed supply which prevents testing in 
several replications or locations. 
To circumvent the large numbers of lines to be tested and limited 
seed supplies, plant breeders have devised incomplete block designs and 
small plot sizes, respectively. Lattice designs reduce block sizes to 
something smaller than a whole replication, a technique that gives some 
control of imprecision due to soil heterogeneity. These designs, 
however, place restrictions on the number of entries that can be compared 
in an experiment, and they require sufficient seed of each entry to sow 
several replications. 
"Check-plot designs" in which a systematic arrangement of check 
entries is superimposed upon a randomized complete block or Latin square 
design have been proposed as a method of error control in experiments 
with large numbers of entries (Yates, 1936; Le Clerg, 1966). With this 
technique, plot values are adjusted by using data from adjacent or nearby 
check plots in a covariance analysis. Such transformations can give 
inaccurate adjustments if adjacent check and test plots are not highly 
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correlated and the soil gradient is not linear. Additionally, systematic 
arrangements of the checks give biased estimates of the experimental 
error, and a large quantity of seed is required for each line because 
they are tested in replicated designs. 
Several unreplicated procedures for testing plant strains have been 
devised. Two such alternatives are the moving-average method (Richey, 
1924, 1926) and the contiguous check method (Wood and Stratton, 1910). 
These procedures use the principle of blocking, but they give biased 
estimates of experimental error. Of recent inception and interest for 
field testing are augmented designs, which circumvent many difficulties 
that arise from other unreplicated designs. For an augmented randomized 
complete block design, the experimental area is divided into blocks, each 
of a size to accommodate v + v* plots where v denotes the number of 
experimental entries and v* denotes the number of check cultivars. Check 
and experimental entries are randomly assigned to plots in a block. The 
experimental lines differ among blocks and thus each is unreplicated 
whereas checks are common to all blocks and thus are replicated. 
Estimations of block effects and experimental error (unbiased) are made 
only with data from the check plots. Block effects are used to adjust 
the observed plot values of the test lines, and the experimental error is 
used to test the significance of the differences in line values. 
Augmented designs are especially suited for situations where seed and/or 
resources are not adequate for replicated testing, and/or when the number 
of entries is very large. 
This study was designed to evaluate the relative efficiencies of 
three replicated experimental designs, i.e., augmented randomized 
complete block, standard randomized complete block, and lattice for 
selection among experimental oat lines. An additional objective was to 
assess the relative values of three unreplicated experimental procedure 
for selection efficiency. 
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II. LITERATURE REVIEW 
Because of their masking effects on genotyplc expression, soli 
heterogeneity and genotype x environment interaction are the two most 
important factors that limit progress from selection (e.g., Jones and 
Frey, 1960; Schutz and Cockerham, 1966; Fasoulas, 1973). Oftentimes, the 
result is that genetically poor genotypes may appear as good phenotypes 
because of a positive effect of environmental factors and genetically 
good genotypes may produce poor phenotypes due to a negative effect of 
environmental effects (Keuls and Sieben, 1955). 
The current repertoire of methodologies for addressing the problem 
of making successful judgments about genotyplc values of plants has 
resulted from research on field experimentation that led to the 
development and integration of several key principles. 
A. Basic Concepts 
Fisher (1925) laid down the three basic principles of experimental 
designs as replication, randomization, and local control. Replication 
and local control were not new, but assigning treatments to plots at 
random (subject to the restrictions Imposed by the local control) was a 
major contribution. It assured that the deviations from expected values 
used for estimating experimental error were independent. Further, 
randomization made it possible to measure the relative efficiencies of 
different experimental designs (Yates, 1950). Yates (1950) considered 
that randomization was the initial fundamental step in the development of 
field aesigns for comparisons among genotypes. Additional major 
developments were factorial designs and balanced incomplete block 
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designs. Méndez (1971) emphasized, however, that even though 
randomization of the entries in a block gave unbiased estimates of the 
error variance, it did not control intrablock variation. 
Replication refers to the number of different plots in which an 
entry is sown. As expressed by Federer (1984), replication is an 
essential tool to diminish the effects of soil heterogeneity in biasing 
genotypic expression. Blocking (or local control) is a method for 
reducing the variance of a difference between treatment effects (e.g.. 
Fisher, 1925; Yates, 1936). It groups plots in such a manner that the 
variation among plots within each group (or block) is minimal and that 
among groups (or blocks) is maximal. Blocking should be done with as few 
groups as possible, because degrees of freedom allocated to blocks 
(incomplete blocks, rows, or columns) reduce those remaining for the 
error variance. Statistical analysis and interpretation are complex for 
designs with blocking. 
Yates (1933) introduced the principles of orthogonality and 
confounding to experimental designs. Orthogonality is that property of 
the design which ensures that the different classes of effects to which 
the experimental material is subject will be capable of direct and 
separate estimation. Randomized complete block and Latin square designs 
insure that effects are orthogonal to each other, and they are simple to 
analyze and provide valid estimates of treatment effects and their 
variances (Federer, 1984). A simple lattice design, on the other hand, 
is not orthogonal. Nonorthogonality sometimes is introduced into 
experimental designs by deliberately confounding of blocks and treatments 
(Yates, 1933, 193b). Yates (1933) Indicated that where nonorthogonality 
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is deliberate, the design should be such that a slight rearrangement of 
the data will reestablish orthogonality. For example, nonorthogonality 
due to incomplete blocks in a simple lattice design can be removed by 
treating the design as a randomized complete block design (e.g., Yates, 
1939, 1940). Thus, a lattice design can never be less efficient than the 
standard randomized complete block design because if blocking is 
ineffective in reducing error variance, the experiment can be analyzed as 
a randomized complete block design. 
B. Soil Heterogeneity 
Two statistical approaches have been used to control the effects of 
soil variation on plant strain performance. The one most used is to 
divide the experimental area into blocks (e.g., Fisher, 1925: Yates, 
1936, 1940), each of which includes enough plots to sow an entire or 
partial replication. The other involves the evaluation of each plot 
relative to the performance of its neighbors (e.g., Papadakis, 1937; 
Bartlett, 1938). The blocking technique coupled with the use of 
randomization attempts to exclude the correlation among neighboring plotri 
whereas the second technique takes advantage of this natural correlation. 
Numerous experimental designs that use the blocking principle have 
been developed to overcome the soil heterogeneity problem. The 
appropriate choice among them depends upon the circumstances of the 
experiment. If the number of entries is small, usually a randomized 
complete block or a Latin square design is best. If the number of 
entries is large, a Latin square design cannot be used (Yates, 1936), and 
with certain combinations of entry number, block area, plot size, etc. 
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(Binns et al., 19b3; Warren and Méndez, 1981), the randomized complete 
Dlock design may not be efficient. 
Many experimental designs have been developed for specific testing 
situations to reduce the masking effects of soil heterogeneity on 
genotypic expression (e.g., Yates, 1936, 1940; Federer, 1956; Patterson 
and Williams, 1976; Khare and Federer, 1981). To choose the appropriate 
design for making more successful selection takes good judgment by the 
plant breeder. 
1. Lattice designs 
Yates (1936) introduced lattice designs with the plots arranged in 
incomplete blocks specifically for comparing large numbers (of the form 
2 k ) of entries in a single experiment. With these designs large blocks 
can be avoided. For a lattice design (originally called pseudo-
factorial) a factorial arrangement is imposed on the groups of genotypes, 
even though the genotypes do not have a factorial structure, and 
confounding occurs such that all comparisons among entries are not of 
equal precision. Development of rectangular lattice designs to 
accommodate k(k+l) genotypes in incomplete blocks (Harshbarger, 1947, 
1949, 1951) gave researchers greater flexibility in the number of 
genotypes to include in an experiment. Yates (1950) regarded the 
development of lattice designs along with randomization and factorial 
aesigns as three major developments in experimental statistics. 
To compare the relative efficiencies of randomized complete block 
and lattice designs, Cochran (1941) proposed two procedures: (a) the 
superimposition of both designs on uniformity-trial data and (b) 
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analyzing a lattice experiment both as a lattice and as a randomized 
complete block design. The relative accuracy or efficiency of a lattice 
compared to a randomized complete block design is measured as the inverse 
of the variances for the difference between two varietal means (Cochran, 
1941). 
Lattice and lattice square designs have been used extensively for 
yield trials of crop varieties. Cochran (1941) from analyses of maize 
(Zea mays L.) variety tests in Iowa showed that three replications of a 
triple lattice gave as good experimental precision as five replications 
of the randomized complete block design. Relative efficiencies ranged 
from 9b to 462%. In tests with 25 varieties, lattice designs with five 
replications were as efficient as a randomized complete block with six; 
and with 121 varieties four replications of a lattice gave the same 
efficiency as a randomized complete block with six. Using maize 
uniformity-trial data, Zuber (1942) found a relative average precision of 
136% for lattice designs with 25, 49, 81, and 121 assumed varieties. 
Cochran and Cox (1957), who summarized results from studies by Cochran 
(1941), Bliss and Dearborn (1942), and Wellhausen (1943) on maize, found 
that the average gain in accuracy was 25%. More recently, Mariani and 
Manmana (19bO) evaluated maize trials to assess the increase in 
experimental precision due to designs and due to number of replications. 
Increase in precision was related more to number of replications than to 
type of experimental design. 
Several studies have compared the precision of incomplete block 
designs for testing small grain crops. Goulden (1937), using uniformity-
t r i a l  d a t a ,  o b t a i n e d  i n c r e a s e s  i n  e f f i c i e n c y  o f  6 7  t o  8 7 %  w i t h  6 x 6  
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lattice designs for wheat (Triticum aestivum L.), whereas with barley 
(Hordeum vulgare L.) precision ranged from a loss of 37% to a gain of 
18%. Johnson and Murphy (1943) used uniformity-trial data from oats 
(Avena sativa L.) and found that lattice and lattice square designs gave 
increases in precision of 153 and 224%, respectively, when compared to a 
randomized complete block design. From 33 yield trials, they obtained 
gains in efficiency ranging from 2 to 55% for 7x7 simple lattices and 
from -9 to 17% for 6x6 triple lattice designs. Cochran (1943), using 
six wheat trials with 49 to 169 varieties, found that lattice designs 
gave no gain in efficiency for two experiments whereas the other four 
gave gains of 2, 39, 45, and 156%. More recently, Cholick et al. (1964) 
reported that a triple lattice analysis gave increased experimental 
precision in 42 of 54 wheat experiments when compared to randomized 
complete block analysis. 
Weiss and Cox (1939) found a considerable gain in precision from the 
use of balanced incomplete block and lattice square designs for soybean 
(Glycine max (L.) Merr.) trials. From analysis of a uniformity-trial of 
mustard (Brassica juncea (L.) Coss), Kaushik et al. (1977) found that the 
relative efficiencies for simple, triple, balanced, and lattice square 
designs were 126, 130, 132, and 127%, respectively, with an average gain 
of 29% over the randomized complete block. Burton and Fortson (1965) 
analyzed lattice square designs in 14 yield trials of pearl millet 
(Pennisetum americanum (L.) Leeke) varieties and found relative 
efficiencies ranging from 129 to 495% and an average of 197%. Shukla 
(1966) superimposed simple, triple and square lattice designs on 
uniformity-trial data of jute (Corchorus capsularis L.) and found gains in 
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efficiency of 15, 18, and 32%, respectively. 
Lattice designs can effectively cope with soil heterogeneity in 
experimental fields, but of greater importance is the ability of a 
breeder to accurately select the most promising genotypes. ïates (1970) 
pointed out that lattice designs may have certain disadvantages. For 
example, if certain genotypes fail or are discarded before harvest the 
designs become ineffective. Also, unless the design is balanced, all 
comparisons among genotypes are not of the same precision. Some other 
authors (e.g. Cochran and Cox, 1957; Patterson and Williams, 1976; 
Rosielle, 19bU) have pointed out that lattice designs have the 
aisadvantages of requiring certain numbers of entries, certain block 
sizes and specific field arrangements. 
Patterson ana Williams (1976) indicated that square lattices are 
especially valuable because orthogonal sets of genotypic contrasts are 
confounded with incomplete blocks in different replications, and their 
efficiencies can never be less than that of randomized complete block 
designs. 
The limited numbers of varieties that can be accommodated in lattice 
trials led Patterson and Williams (1976) to develop a class of designs 
closely related to lattices and called a-designs with which there is no 
limitation on block size except that it must be a factor of the number of 
entries. Williams (1977) introduced generalized lattice designs which 
Include as special cases the square and rectangular lattices and a -
designs. They are block designs for which the number of entries is a 
multiple of the number of plots in each block and the total number of 
blocks is a multiple of the number of blocks in each replication. 
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Patterson and Hunter (1963) applied the generalized lattice analysis to 
244 cereal variety trials and obtained an average gain in efficiency of 
43% over randomized complete block analysis. They were more efficient in 
those cases where a randomized complete block gave a high coefficient of 
variability and when the number of entries was large. Khare and Federer 
(1981) introduced a "simple construction procedure for resolvable incom­
plete block designs for any number of treatments," whose efficiencies are 
as high or higher than those obtained by generalized lattice analysis. 
In general, the gain in precision frcn lattice designs has been 
sufficiently great to justify their use, particularly in tests with large 
numbers of entries. 
2» Augmented designs 
To circumvent the general difficulties that arise from unreplicated 
experiments, Federer (1956, 1960, 1961, 1972), Searle (.1965), Federer 
and Raghavarao (1975), Federer et al. (1975), Lin and Poushinsky (1983), 
and Lin et al. (19B3) introduced augmented designs. An augmented 
experimental design is any standard design augmented with additional 
treatments in the complete block, the incomplete block, the row, tne 
column, etc. (Federer, 1961). 
The statistical analysis for augmented designs in which v check 
entries have been replicated r times (or even a particular number of 
times for each check) and in which v* test genotypes have been sown only 
once can be done in two equivalent ways (Federer and Raghavarao, 1975): 
(a) The trial of v+v* entries may be analyzed using standard methods for 
disproportionate numbers in the subclasses; or (b) a statistical analysis 
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can be performed on the check yields only to estimate the error variance. 
This variance is used for entry comparisons. 
Federer (1956) pointed out the importance of randomization of checks 
to obtain unbiased error variances. Lin and Poushinsky (19tt3), however, 
indicated that if the checks are assigned randomly to the plots in a 
block, their distribution pattern may be irregular and thus may not 
proviae adequate adjustment for soil variation. Since the primary 
objective of a field test in the early stage of genotype selection is 
genotypic ranking and not testing of the genotype differences, they 
concluded that effective adjustment was more important than obtaining an 
unbiased error variance. A second problem associated with the random 
assignment of checks has to do with block shape. These two factors led 
Lin and Poushinsky to propose an alternative class of augmented designs 
whose structure is based on a split-plot design. With these, whole plots 
can be laid out in any standard design but the arrangement of subplots is 
always 3x3 with the central plot assigned to a check. Because 
correlations between plots does not decrease linearly with distance 
(Briggs and Shebesky, 1968; Le Clerg, 1966), Lin and Poushinsky (19a3) 
concluded that weighted distance measures (Yates, 1936) or random 
allocation of check plots (e.g., Yates, 1936; Federer, 195b) could not 
give satisfactory adjustments. Therefore, they suggested that subplots 
should be square or nearly square so that the distance between the check 
plot and the eight test plots was relatively uniform. Lin et al. (19b3) 
did a simulation study on a modified augmented Latin square using three 
adjustment methods. Adjustment by design structure (row and column 
correction factors) was best when soil variation occurred in one or two 
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directions, but adjustment by regression was best when the variation was 
multi-directional. Adjustment using the check plots to obtain a fertil­
ity index was least satisfactory. 
3» Papadakis's method to control the effects of soil variability 
Papadakis (1937) suggested adjusting yields of field experiments for 
local trend effects by covariance analysis to reduce the error variance 
of replicated experiments. This method has certain theoretical 
complications and requires tedious computations but with modern computers 
these limitations may no longer apply (Yates, 1970). Méndez (1971) 
described six nonblocking methods to control the effect of soil 
heterogeneity. From simulation studies on data generated by adding 
normal errors and treatment effects to four uniformity-trial data sets, 
he showed that Papadakis's method and the Trend of Residuals method were 
superior to the other four. Pearce and Moore (1976) obtained substantial 
gains in experimental precision by applying Papadakis's method to trials 
of several crops. 
V*ilt\.insou £t ol« (19v3) introduced a modification to Papadakis's 
method. The resultant procedure was a moving-block analogue for 
classical analyses for fixed blocks that avoids the defects of 
Papadakis's method and gives an approximately unbiased analysis. 
4. The use of checks to control the effects of soil variability 
Several methods for making comparisons among a large number of 
strains on the basis of checks have been described (e.g. , Le Clerg, 1966; 
Yates, 1936). Sometimes checks are placed at regular intervals over the 
test site, but a systematic arrangement may give a biased estimate of 
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error variance (Yates, 1936; Federer, 1961). Random assignment of 
strains may lead to biased comparisons with the checks. The strain 
performance can be expressed relative to the nearest check plot. Another 
procedure of adjusting a genotype's performance consists of a relative 
value computed by dividing the plot yield by a fertility index which is 
calculated on the basis of regression between two check plots. Several 
studies have been conducted in which the fertility indexes were used as 
covariates (Ïownley-Smith and Hurd, 1973; Mak et al., 197d; Rosielle, 
1960). 
Based upon Smith's coefficient of soil variability (Smith, 1938), 
Baker and McKenzie (19b7) concluded that the use of systematically 
arranged check plots as fertility indexes was of questionable value. 
They found no advantage for check plots unless Smith's coefficient was 
less than O.b in the experiment. 
Briggs and Shebesky (1968) circulated a questionnaire to wheat 
breeders around the world and found that their use of check to 
experimental plots ranged from 1 in 200 plots to I in 3. The average was 
I check per bO plots. Townley-Smith and Hurd (1973) compared the 
efficiencies of adjusting plot yields via repeated checks and moving 
averages, and found that the latter method gave the best control of error 
variance. Mak et al. (1978) found that adjustment by either method was 
superior to no adjustment for grain protein content, but not for grain 
yield. Both techniques gave similar control of experimental error. A 
balanced lattice design was superior in error control to either 
adjustment method, however. 
Rosielle (19SU) studied the relative efficiencies of lattice 
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designs, check-plot designs, and moving averages for error variance 
control in wheat trials. Lattice and check-plot covariance analyses were 
equally efficient and superior to randomized complete block analyses, but 
they were only slightly more efficient than moving average covariance 
analyses. Schutz and Cockerham (1966) and Yates (1936) concluded that 
inclusion of check plots for adjusting for block effects was not 
justified. 
Another method, discussed by Yates (1936), consisted of dividing the 
experimental entries into sets with each set being sown with one or more 
checks in several replications of a randomized complete block or Latin 
square designs. Adjustments of the experimental strains were done by 
subtracting the mean of the checks for that group. This author 
recognized that adjustment via check means was unlikely to be as 
efficient as using an ordinary randomized complete block design. 
C. Other Methods to Control the Effects of Soil Variability 
Mendez and Rivera (1976) proposed a method to control the effects of 
soil heterogeneicy in field experiments where the number of test strains 
was large. Their method, which is applicable to both the replicated ana 
the unreplicated tests, consists of estimating the geographical trend 
function of tne field (using a combination of polynomials and Fourier 
series) based upon data from systematically placed check plots in the 
test area. The difference between predicted and actual yields was 
considered to be due to the genetic effect of the genotype under 
evaluation. 
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1. Honeycomb method 
Fasoulas (1973) developed the honeycomb design to overcome soil 
heterogeneity and interplant competition when selecting among single 
plants for yield. In this design, each plant is the center of an 
equilateral hexagon whose points are six neighboring plants. Adjusting a 
plant's performance on the basis of neighboring plants overcomes the 
effects of soil heterogeneity whereas wide spacing reduces the impact of 
competition. Recent studies, however, have shown only partial success 
for selection via this design (Niehaus, 1981; Mitchell et al., 1982). 
D. Genotype x Environment Interaction 
Dudley and Moll (1969) defined the genotype x environment (GxE) 
interaction variance as being due to failure of genotypes to produce 
similarly under different environments. The effect of GxE interaction in 
masking genotypic expression has been amply recognized by plant breeders 
who attempt to reduce its importance by testing genotypes over many 
environments. Comstock and Moll (1963) showed statistically how large 
GxE interactions limit progress from selection. 
Several methods have been proposed to solve the problems created by 
GxE interaction. Horner and Frey (1957) stratified Iowa into homogeneous 
areas (i.e., they used the blocking principle) to control the variety x 
location interaction. This approach has been used by McCain and Schultz 
(1959) and Liang et al. (1966) also. 
The use of regression analysis of genotypic performance on 
environments to describe and compare genotypic performance was proposed 
Dy Yates and Cochran (1938) who subdivided the GxE interaction into suios 
of squares due to regression and deviations from regression. Finlay and 
Wilkinson (1963) used this regression approach and defined the regression 
coefficient as a parameter of adaptability. The deviations from 
regression provide a measure of stability (Eberhart and Russell, 1966). 
Plaisted and Peterson (1959) proposed measuring the stability of 
individual cultivars via combined analyses of variance for all possible 
pair of genotypes in a set. Wricke (1962) proposed a measure called 
ecovalence and Shukla (1972) computed a stability variance for each 
variety. Bilbro and Ray (197b) proposed the coefficient of determination 
as an independent unit criterion for measuring stability of a genotype. 
Variance components from experiments conducted over environments 
have been used to determine optimum resource allocation. Sprague and 
Federer (1951) and Pederson and Rathjen (1981) found that unreplicated 
trials sown at several locations and in several years provided the best 
resource use for making genetic gain. Schutz and Cockerham (19o6) 
suggested that experimental design for control of intra-site error may be 
relatively unimportant if GxE interaction is large, and Rosielle (1980) 
found that differences in efficiencies of designs based on intra-site 
data had little meaning for combined analyses. He concluded that 
genotype x environment interaction was more important than intra-site 
error in limiting progress from selection. 
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III. MATERIALS AND METHODS 
A* Genetic Material 
Two populations of oat lines were used in this study (Table 1). 
They were derived from one (W2) interspecific hybrid of the type Avena 
3 
sativa x A. sterilis with three different A. sativa cultivars being used 
in the backcrosses and one (C2) which was a composite from nine three-way 
matings among six A. sativa cultivars. The derivations and performance 
of the Fg-derived lines used in this study were reported by Murphy and 
Frey (19W4). In addition, five oat cultivars, Larry, CI 9190, Noble, 
Otee, and Stout, were included as check, entries. 
Table 1. Pedigree, symbols, and number of F^-derived lines representing 
each of two oat populations 
Number of 
population Pedigree lines studied 
w2 Otter X PI 317973 2x Grundy 3x Noble 529 
C2 All three single-cross combinations 
among Otter, Grundy, and Noble each 
crossed to Lang, Wright, and Chief 529 
^19 of the lines in population W2 actually belonged to population 
C2. 
The six A. sativa parents were Otter (CI 6304), Grundy (CI 8445), 
Noble (CI 9194), Lang (CI 8304), Wright (CI 9218), and Chief (CI 9U81). 
All were released from oat breeding programs in the North Central USA and 
are grown commercially in Iowa. The A. sterilis parent (PI 317973) was a 
plant introduction from Israel. 
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B. Field Evaluation 
Each population of F^^derived lines in the was evaluated in an 
augmented randomized complete block design (ÂRCBD), a randomized complete 
block design (RCBD), and a simple lattice design (LÛ) in a field plot 
arrangement where one set of plots in a replicate accommodated all three 
designs. In more detail, each population of 529 lines was planted in an 
ARCBD with 23 blocks. Each block contained 28 plots which accommodated 
the five checks and 23 lines. The randomization was made in such a way 
that by eliminating check entries, the set of remaining plots constituted 
one replication of a 23 x 23 LD. Of course, by omitting block considera­
tions the set of plots sown to experimental entries became one replica­
tion of a RCbD. Each population of lines was grown in a separate experi­
ment. Â plot was a hill sown with 30 seeas and hills were spaced 30.5 cm 
apart in perpendicular directions. Two rows of border hills were planted 
around each experiment to provide competition for peripheral plots. 
In 1982, the experiments were grown each with two replications at 
each of three locations: (1) The Agronomy Field Research Center near 
Ames (A2), (2) The Northern Research Center near Kanawha (K), and (3) The 
North-West Research Center near Sutherland (S), la. Fertilizer rates at 
Kanawha were 51.5 kg N and 7 kg of each P and K, respectively; at 
Sutherland 16.8 kg N, 67.2 kg P, and 33.6 Kg K, and at Ames 33.o kg N and 
51.5 kg at each P and K, respectively. Sowing dates were 22 April, 19 
April, and 24 April for the three locations, respectively. In I9d3, the 
experiments were sown only at Ames (A3) where the sowing date was 26 
April. Plot areas were hand weeded and plants were sprayed with 
Bayleton, an eradicant fungicide, one month prior to harvest to prevent 
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head and foliar diseases. 
The following traits were measured on a plot basis: 
Heading date (HD): number of days after planting on which 50% of 
the panicles were completely emerged. Measured on the experiments at A3 
and A2. 
Plant height (PH): distance (cm) from ground level to tips of 
panicles measured two weeks postanthesis. Measured at A3 and K. 
Biomass yield (BYLD): dry weight (kg/ha) of total above ground 
plant material. 
Grain yield (GYLD): dry weight (kg/ha) of threshed grain. 
Straw yield (SYLD): BYLD minus GYLD. 
Harvest index (HI); GYLD expressed as a percentage of BYLD. 
Vegetative growth index (GR): SYLD divided by HD (kg/da/ha). 
Measured on the same experiments as HD. 
C. Statistical Analysis 
1. Unreplicated experiments 
Three methods were used to judge the worth of oat lines for grain 
yielding ability by using data from unreplicated experiments. First, for 
the ARCBD technique measurements from individual plots in a block were 
adjusted by subtracting a block effect estimated from the check mean. 
Second, check entries were disregarded and unadjusted phenotypic values 
tor plots (NOADJ) determined the worth of a line. The final procedure 
also disregarded the presence of check entries, but did recognize the 
existence of block effects. Block effects were estimated by using the 
means of the lines and the plot values in a block were adjusted by 
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subtracting the correponding block effect (NOCH). The latter method 
assumes that the oat lines sown in a block represent a random sample from 
the population with the expected means for all samples to be constant 
across blocks. 
To compare the efficiencies of the three unreplicated procedures for 
selection, genotypic values for GYLD of the oat lines from each popula­
tion were estimated by computing means (called genotypic values) from 
data collected in previous experiments conducted by Murphy and Frey 
(1984) who tested these lines in two years and at three locations. The 
value of selection via each of the three designs, i.e., ARCBD, WOADJ, and 
NOCH, was assessed in four ways. First, the GYLDs of the lines via each 
of the unreplicated designs were correlated with the genotypic values. 
The best unreplicated procedure, as judged by this method, was the one 
that gave the highest correlation coefficient. Second, actual gains in 
the genotypic values for GYLD were computed for samples of lines selected 
in an unreplicated experiment at the 10, 25, 50, 75, and 90% intensity. 
Third, to evaluate the unreplicated designs for their abilities to iden­
tify the best lines for GYLD, I calculated for each the percentages of 
lines in the top decile for GYLD genotypic values that were retained when 
the lowest 10, 25, 50, 75, and 90% of lines in an unreplicated experiment 
were discarded. Fourth, expected and actual gains in GYLD, from the 
genotypic values and an unreplicated experiment, respectively, were 
computed for each unreplicated design. Expected gains were computed by 
using the formula 
Expected gain = rS 
where r is the standard-unit heritability (Frey and Horner, 1957) and S 
is the selection differential between the selected sample and population 
means for the genotypic values. Actual gains were computed as the dif­
ferential between the selected sample and population means in an unrepli-
cated experiment when a 10% selection intensity was used. Both expected 
and actual gains were expressed as percentages of the corresponding 
population means. Also, using the same methodology, expected gains in 
GYLD from selection in a unreplicated experiment and actual gains from 
the genotypic values were computed. 
Each of these four procedures for assessing the value of the three 
unreplicated designs was applied to each of the 16 unreplicated experi­
ments (i.e., four environments, two unreplicated experiments per environ­
ment and two populations), and the values for correlation coefficients, 
mean improvements, percentages of retained lines, and expected and actual 
gains were averaged across environments and across environments and 
populations. 
2. Replicated experiments 
First, analyses of variance were performed for all traits for each 
of the three experimental designs (i.e., ARCBD, RCBD, and LU) within each 
environment. Combined analyses of variance were performed for each 
experimental design for three combinations of environments for GYLD, 
BYLL), SYLD, and HI: (1) A2-K-A3, (2) A2-K, and (3) A2-A3. Analyses of 
variance also were computed for HD and GR for the A2-A3 combination. 
The LD models used for the analyses of variance of a combination of 
environments and an individual- environment, respectively, were 
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^ijkl " + *kl * + *kil 
and 
? i jk  -  M +  *k  + G^j  +  +  e^ jk  
whe re : 
Y. or Y.., ^ = BYLD, GYLD, SYLD, HI, PH HD, or GR for the 
IJK 1]K,1 
designated plot 
M = overall mean, 
= the effect of the k-th replicate in the 1-th environment, 
= the effect o£ the 1-th environment, 
G^j = the effect of ij-th genotype, 
B, ., = the effect of the i-th block in the k-th replicate of tne 
K.Xl 
1-th environment, 
lGE)^j^ = the interaction effect between the ij-th genotype and the 
1-th environment, 
e... or e. , = the residual variation for the designated plot, ijk ijkl 
The RCBD models used for the analyses of variance of a combination 
ot environments and an individual environment, respectively, were 
and 
" + Rjk + Gi + Ek + «"ik + «ijk 
. « + R. + G. + 
where : 
y^j or Y^j^ = BYLD, GYLD, SYLD, HI, PH, HD, or GR for the designated 
plot, 
M = overall mean. 
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R., = the effect of the j-th block in the k-th environment, 
J k 
= the effect of the i-th genotype, 
(GE)^I^ = the interaction effect Between the i-th genotype and the 
k-th environment, 
e^j or = the residual variation for the designated plot. 
The ARCBD models used for the analyses of variance were the same as 
those used for the RCBD, with the sole difference that adjusted plot 
values were used for the ARCBD analyses. 
Generalized analyses of variance are given in Tables 2 and 3 for LD 
and in Tables 4 and 5 for ARCBD and RCBD, respectively. Lines and 
environments were considered to be random in the estimation of variance 
components from expected mean squares. 
To compare the efficiencies of the three replicated designs for 
evaluating oat lines and for selection for GYLD, I used six methods of 
assessment: The first four were the same ones used in the comparisons of 
unreplicated tests (i.e., correlations, mean improvements, percentages 
of retained lines, and expected versus actual gains from selection). For 
tne fifth method variance-component heritabilities (H) were computed. 
They were computed for each environment by using the formula 
where : 
r = number of replications, 
2 
CTg = the genotyplc variance in an environment, 
2 
= the error variance in an environment. 
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Table 2. Relevant sources of variation, degrees of freedom, and expected 
mean squares from an analysis of variance for a LD in one 
environment 
Source of Degrees Expected 
variation of freedom mean squares 
Lines (g-1) 
" l *  " a  
Error (k-1) (rk-l-k) 
^Where g = number of lines, r = number of replications, and k = 
number of lines in an incomplete block. 
Table 3. Relevant sources of variation, degrees of freedom, and expected 
mean squares from a combined analysis of variance for a LD 
Source of Degrees Expected 
variation of freedom^ mean squares 
Lines (G) (g-1) + ''('1 + rea^ 
Environments (E) (e-1) 
e 
+ rga^ 
GxE (g-i) (e-1) + 
Error e(k-l) (rk-k-1) 
e 
^here g = number of lines, r = number of replications, e = number 
of environments, and k = number of lines in an incomplete block. 
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Table 4. Relevant sources of variation, degrees of freedom, and expected 
mean squares from an analysis of variance for a RCBD in one 
environment 
Source of Degrees Expected 
variation of freedom mean squares 
Lines (g-1) 
"l * ' i 
Error (g-1) (r-1) < 
^Where g = number of lines and r = number of replications. 
Table 5. Relevant sources of variation, degrees of freedom, and expected 
means squares from a combined analysis of variance for a RCBD 
Source of Degrees Expected 
variation of freedom mean squares 
Liûèô (G) (g-1) 2 
"^e 
+ 
Environments (E) (e-l) + r*GE + rgol 
GxK (g-1) (e-l) o2 
e 
+ 
Error (g-l)e(r-l) 2 
•^e 
^Where g = number of lines, r = number of replications, and 
e = number of environments. 
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Variance-component heritabilities also were calculated on a per-site 
basis for each design by using the formula 
2 2 2 
"g + "GE + 
where : 
2 
CTç = the genotypic variance from a combined analysis, 
2 
= the GxE interaction variance from a combined (jCI 
analyses, 
r = the number of replications. 
And finally, variance-component heritability values were calculated on a 
line mean basis for each design by using the formula 
"G + "ge  ^"l 
E rE 
where : 
2 2 2 
r, v7y, and C7^ are as defined above, 
E = the number of environments. 
The sixth method for comparing the efficiencies of the replicated 
designs consisted of determining two measures of the ability of the 
experimental designs to control the effects of soil heterogeneity. One 
was the coefficient of variability, and the second was the ratio of the 
error variance of two designs, taken two at a time. These were 
calculated for all traits within each environment. 
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IV. RESULTS AND DISCUSSION 
GYLD means for the eight environments ranged from 2558 to 3852 kg/ha 
for population C2 and from 2537 to 3587 kg/ha for population W2 (Table 
6). These are from medium to high for oat grain yields in Iowa. 
Standard deviations for GYLD were consistently different among the three 
unreplicatea designs, with the ARCBD procedure generally giving the 
highest standard deviations and the NûCH design giving the lowest 
values. 
The degrees of variation among the GYLDs of the oat lines from using 
the three unreplicated designs can be ascertained by considering the 
variance for each type of adjustment. Let Y^^ be the unadjusted GYLD 
value of the j-th line in the 1-th block (i= 1,2, ...,23;j=ll, 
12, ... 2323), be the GYLD value of the k-th check (k = 1, 2, ..., 5) 
2 in the i-th block, and a be the variance for Y^^. It can be shown that 
the variance for the ARCBD adjusted values (Y^^-(X^.-X..)) and for Che 
NOCH adjusted values (Y^j-(Y^.-Y..)) will be (1 + 22/115)a^ and (1 -
22/5Zy)a , respectively. Obviously, the variances for the ARCBD and NOCH 
designs should be larger and smaller, respectively, than the variance for 
NOADJ. The Increase in variation among line GYLDs due to the AK.CBD 
adjustments could be beneficial for discriminating among lines, but only 
if the soil is homogeneous witnin blocks. 
Standard deviations and means for GYLD were quite similar in 
magnitude for the K and A2 environments. The S and A3 environments gave 
means for GYLD that were similar, but the standard deviations were very 
different for these environments (Table 7). Among replicated designs, 
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Table 6. Population means and standard deviations for GYLD determined 
via three unreplicated experimental designs in each of eight 
environments 
Population C2 Population W2 
Standard deviation Standard deviation 
Environment Mean Mean 
ARCBD NOADJ NOCH ARCBD RCBD NOCH 
kg/ha 
K(l) 3852 996 945 894 3501 989 976 910 
K(,2) 3775 1068 981 959 3177 956 920 853 
A211) 3418 1008 951 872 3587 988 948 892 
A2(2) 3800 960 947 899 3526 922 909 871 
S(l) 2854 1463 1335 1282 2763 1233 1173 1115 
SU) 2832 1435 1377 1316 2537 1233 1144 1120 
A3(l) 2558 700 670 601 2717 638 607 580 
A3(2) 2566 673 684 624 2735 622 613 597 
Mean 3207 1037 986 930 3068 947 911 871 
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Table 7. Population means and standard deviations for GYLD determined 
via three replicated experimental designs in each of four 
environments 
Population C2 Population W2 
Standard deviation Standard deviation 
Environment Mean Mean 
ARCBD RCBD LD ARCBD RCBD LD 
kg/ha -
K 3814 1033 963 767 3339 986 962 764 
A2 3609 1002 967 746 3557 955 925 757 
S 2843 1448 1356 955 2650 1237 1163 855 
A3 2562 686 677 532 2726 630 610 495 
Mean 3207 1042 991 750 3068 952 915 718 
Table fa. Population means and standard deviations for GYLD determined 
via three replicated experimental designs for three 
combinations of environments 
Population C2 
Mean Standard deviation 
Environment ARCBD RCBD LD 
Population w2 
Mean Standard deviation 






3328 1071 1036 fafaU 3207 940 918 769 
3711 1023 971 763 3448 976 951 768 
3086 1006 985 832 3141 909 888 763 
3375 1033 997 825 3265 942 919 767 
variation among line means for GYLD in each environment consistently was 
largest for the ARCBD design and lowest for the LD. In Table 7, the 
environmental means for ARCBD and RC6D designs were averages of the ARCBD 
adjusted and unadjusted values, respectively, from two replications. LD 
means were not averages of the NOCH values, but LD adjustments reducea 
variation among lines just as the NOCH adjustment did in the unreplicated 
situation. 
The pattern for standard deviations of GYLDs among the experimental 
designs was the same for combinations of environments (i.e., A2-K-A3, A2-
K, and A2-A3) as when single replication or within environment analyses 
were made (Table 8). 
A. Statistical Efficiencies of the Experimental Designs 
1. Coefficients of variation 
The lowest coefficients of variation (CV) for each trait-environment 
comoination were obtained with LD analyses (Table 9). In only two 
instances were CVs obtained via ARCBD and/or RCBD analyses smaller than 
the corresponding values tor LU. That is, in population CZ the CV for 
BYLD in S was larger for the LD analysis than for the RCBD and analyses, 
and tor the AKCBD and RCBD analyses in population W2, the CVs were 
smaller than that from LD analysis for SYLD in S. CVs from RCBD analyses 
tended to be lower than the comparable ones from ARCBD analyses. 
Exceptions to this tendency occurred for the population C2 at A3 and the 
population W2 at A2. These results illustrate that the relative 
efficiency of an experimental design to control intra-site variability 
depends very much upon the particular land area being used; a design that 
Table 9. Coefficients of variation (%) for oat traits from three replicated experimental designs 
used in tour environments 
A2 A3 K S 
Trait ARCBD RCBD LD ARCBD RCBD LD ARCBD RCBD LD ARCBD RCBD LD 
Population C2 
GÏLD 2.1 2.1 2.1 2.2 2.0 1.9 - - - - - -
PH - - - 5.2 5.8 5.1 5.0 5.2 4.8 - - -
BYLD ia.7 18.2 17.8 18.5 19.8 17.9 21.4 20.1 20.0 41.0 35.6 37.4 
GYLD 23.6 22.9 22.3 21.6 21.7 20.6 22.9 21.6 21.6 40.2 47.8 36.4 
SYLD 18.7 18.4 18.3 19.7 21.7 19.4 24.0 22.4 21.9 40.2 36.6 36.4 
HI 12.5 12.2 12.0 10.8 11.0 10.5 10.6 10.5 10.1 25.1 24.4 23.9 
GR 18.9 18.6 18.3 20,4 22.1 19.9 
Population W2 
UD 2.2 2.1 2.1 3.5 3.4 3.4 - — - - - -
PH - - - 5.4 5.2 5.2 5.4 5.7 5.2 - - -
BYLD 20.2 21.2 18.9 20.0 19.8 18.8 21.9 21.2 20.6 37.9 35.8 35.7 
GYLD 21.2 21 5 20.6 20.2 18.9 18.6 24.7 23.5 23.0 44.3 41.5 41.4 
SYLD 23.0 24.8 21.1 24.6 25.1 23.7 22.3 30.0 21.2 32.2 34.5 34.9 
HI 12.7 14.2 12.6 19.0 18.9 18.7 10.1 10.0 9.7 15.2 14.4 14.1 
GR 23.2 24.9 21.4 24.9 25.1 23.7 - - - - - -
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is superior at one experimental site may not be universally superior at 
all sites. When averaged across environments the lowest CVs always were 
obtained with LD analysis (Table 10). Differences between average CVs 
from ARCBO and RCBD analyses usually were small, and in fact, the CVs 
from all three analyses were not very different in magnitude for a given 
trait. 
Each incomplete block in ray experiments contained five check plots, 
and this increased each block by 1.5 m in length. The RCBD and LD 
analyses did not make use of the checks even though the incomplete block 
size was increased by 21.7%. This larger block size would be expected to 
increase intrablock variability and also the magnitudes of the CVs for 
RCBD and LD analyses over what they would have been in the absence of 
check plots. In general, CVs obtained in this study indicate that LD was 
the most efficient design for controlling intra-site error variance and 
that ARCBD was the least efficient. For the ARCED analysis to be effi­
cient, all plots in the same block must be homogeneous for productivity 
potential. Any departure from homogeneity will reduce the efficiency of 
the ARCBD analysis because if production from the check plots in a block 
does not adequately reflect the productivity potentials of the test 
plots in the same block, inappropriate adjustments will result: In turn, 
poor estimates will be derived for the true productivity potentials of 
the genotypes being tested. In reality, it is difficult to form blocks 
of uniform productivity potential, especially when all blocks must be of 
the same size and shape. Most often there is little information to guide 
decisions about blocking within a replicate, and if a wrong decision is 
made, ARCBD adjustments can do harm rather than good. For instance, if 
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Table lU. Coefficients of variation (%) for seven oat traits for three 
replicated experimental designs (means for four experiments) 
Population C2 Population W2 Mean 
IL ct L L 
ARCflD RCBU LD ARCBD RCBD LD ARCBD RCBD LD 
HD* 2.2 3.1 2.0 2.9 2.8 2.8 2.5 3.0 2.4 
PH* 5.1 5.5 5.0 5.4 5.5 5.2 5.3 5.5 5.1 
BYLD 24.7 23.4 23.3 25.0 24.5 23.5 24.9 24.0 23.4 
GYLD 29.8 28.5 27.6 27.6 26.4 25.9 28.7 27.4 26.8 
SYLD 25.7 24.8 24.3 25.5 28.6 25.2 25.6 26.7 24.8 
HI 14.7 14.5 14.1 14.3 14.3 13.8 14.5 14.4 14.0 
GR* 19.6 20.3 19.1 24.0 25.0 22.6 21.8 22.7 20.8 
^Measured on two experiments. 
blocks lie across contours of fertility instead of along them, the esti­
mate of error variance will be increased and not decreased by ARCBD 
analysis. 
CVs associated with different design analyses can be used to 
compare efficiencies of the experimental designs and to indicate the 
quality of the data generated in experiments, but they can not assess the 
numbers of replications needed to achieve the same level of precision for 
different experimental designs. This type of information is provided by 
the ratio of the error variances of the designs. 
2. Relative efficiencies of the experimental designs 
The relative efficiencies for the three experimental designs when 
compared with one another are given in Table 11. The efficiency values 
were computed by dividing the error variance from one design into the 
corresponding error variance from a second. The three comparisons made 
were: (a) ARCBD/LD, (b) RCBD/LD, and (c) ARCBU/RCBD. 
The LD was always the most efficient experimental design (Table 11). 
Wiiêii avëïagéù accOùs pupulatluûs, tue LD superiority rauged irOm 1,1% Lo 
14.when compared with the ARCBD and from 1.7% to 17.7% when compared 
with the RCBO. The RCBD ranged from -7.6% inferiority to 13.0% 
superiority when compared to the ARCBD. These comparisons were made 
without any account being given to the larger block size caused oy the 
presence of intrablock check plots. 
Since LD and RCBD designs do not require checK plots, the 
efficiencies of LD and RCBD relative to ARCBD should be increased by 
about 21.7% because that is the percentage increase in block size to 
Table 11. Relative efficiencies (%) for seven traits for three replicated experimental designs 
taken two at a time (means for four experiments) 
Trait 
Population C2 Population W2 Mean 
ARCBU/LD RCBD/LD ARCBU/RCBD ARCBD/LD ARCBD/LD ARCBU/RCBD ARCBD/LD RCBD/LD ARCBU/RCBD 
PH* 106.4 123.6 86.5 109.3 111.9 98.2 107.7 117.7 92.4 
HU^ 117.y 102.6 114.9 111.9 100.0 111.9 114.9 "101.7 113.0 
BYLD 110.9 107.2 96.4 112.5 110.6 104.7 101.7 108.9 99.1 
GYLU 110.2 104.« 104.5 111.2 104.1 106.9 110.7 104.5 105.7 
SYLD 112.0 109.6 104.0 111.6 114.5 98.4 111.8 112.0 101.2 
HI 108.2 106.3 101.8 107.7 109.6 99.1 107.9 107.9 100.0 
GK* 106.5 112.8 94.4 114.5 123.4 93.3 110.5 118.1 93.6 
^Measured on two experiments. 
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accommodate checks for the ARCBD analysis. Average gains in efficiency 
for measuring GYLD, averaged across the eight experiments (i.e., four 
environments and two populations), were IU.7% and 4.5% when LD was 
compared with ARCBD and RCBD, respectively. On the other hand, if the 
presence of check plots is taken into account gains in efficiency of LD 
and RCBD analyses relative to ARCBD would be 34.7% (1.107 x 21.7) and 
22.7% (1.045 X 21.7), respectively. Thus, three replications of a LD 
would be nearly as efficient as four replications of an ARCBD, and four 
replications of a RCBD would be approximately as accurate as five 
replications of an ARCBD. The average superiority of an LD relative to 
RCBD for GYLD was only 4.5% in my experiments. This value is lower than 
most gains from LD use reported in the literature (e.g., Zuber, 1942; 
Johnson and Murphy, 1943; Cochran, 1943; Cholick et al., 1984). In part, 
my gains in efficiency from using a LD may have been smaller than those 
from other reports due to the experimental sites and/or the sizes of the 
lattice designs being used. 
The results of my study would not support the use of a replicated 
ARCBD analyses to adjust for intra-site variation. Probably, experi­
mental areas exist where blocks could be formed so that the within-block 
homogeneity for productivity potential would occur. The real problem 
probably is in identifying those areas. The ARCBD, however, may be 
useful for situations where check entries have another specific purpose, 
such as estimating productivity indexes for stability analyses as was 
done by Fatunla and Frey (1974). The ARCBD also can be used to provide 
an estimate of the experimental error variance in unreplicated experi­
ments, which in turn can assess the precision of experiments and provide 
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a valid LSD for testing differences between unreplicated genotypes. This 
procedure has been used by Rosieile and Frey (1977). 
The RCBD has some advantages over a LD. One advantage is that the 
number of entries in a RCBD is not restricted, and thus it is easier to 
standardize field layouts for experiments with different numbers of 
treatments. However, a LD will always be at least as efficient as a RCBD 
or the experiment will be analyzed as a RCBD; Thus, efficiency is never 
below 1U0%. So, as long as the number of entries does not have to be 
changed too much to accommodate a LD, the use of a LD or one of their 
extensions (Khare and Federer, 1981; Williams, 1977) would be recommended 
for replicated trials, especially when an experiment involves a large 
number of entries. 
B. Efficiencies of the Experimental Designs for Selection 
Coefficients of variability and relative efficiencies of the 
experimental designs give measures of the abilities of the contrasting 
designs to control or alleviate the effects of soil heterogeneity, but 
these measures are based entirely upon error variances. More pertinent 
measures of the efficiencies of the various experimental designs for 
plant breeding would be those that express their relative values in terras 
of efficiency for selection. 
I have used five methods for evaluating the various designs for 
efficiency for selection: (a) correlation coefficients between GYLDs of 
lines from the selection experiments of various designs and genotypic 
values for the same lines, (b) actual gains in genotypic means from 
selection in the experiments of various designs, (c) percentages of lines 
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in the top decile of genotypic values for GYLD that were retained after 
discarding the lowest 10, 25, 50, 75, and 90% of the lines, (d) expected 
and actual gains from selection for GYLD calculated by two methods, and 
(e) variance-component heritabilities. Of course, method (e) was only 
applied to the replicated experimental designs. The genotypic values for 
the oat lines, as defined in the Materials and Methods Section, are the 
line means from the experiments conducted by Murphy and Frey (1984). 
1» Correlation coefficients 
All correlation coefficients (CC) between GYLDs of oat lines deter­
mined via the three unreplicated procedures (i.e., ARCBU, NOADJ, and 
NOCH) and the genotypic values for the same lines were positive and 
significant or highly significant (Table 12). They ranged from O.iO* to 
0.40**. The lowest CCs were obtained from the unreplicated experiments 
at S for population C2. Uneven germination in this environment probably 
affected the yields of the lines which in turn resulted in low associa­
tion between the experimental and genotypic values of the lines. The 
highest CCs for both populauioris were obtalued lu lue A3 and K environ— 
ments. CCs for ARCBD, NOADJ, and NOCH procedures, in general, were very 
similar in magnitude for each population-unreplicated experiment combina­
tion. Two exceptions to this generality were the C2 and W2 populations 
tested in replicate one in environment A2. For population C2 the CCs 
were 0.33**, 0.16**, and 0.14** for ARCBD, NOADJ, and NOCci, respectively, 
and for population W2 they were 0.14**, 0.33**, and 0.31** for ARCbD, 
NOADJ, and NOCH, respectively. These results show that although it 
happens infrequently, the ARCBD adjustment can both improve or reduce the 
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Table 12. Correlation coefficients between the genotypic values for GYLD 
and the GYLDs for the oat lines determined via three 
unreplicated experimental designs in each of eight 
environments 
Environment 
Population C2 Population W2 
ARCBD NOADJ NOCH ARCBD NOADJ NOCH 
K(l) 0.24** 0.24** 0.19** 0.35** 0.39** 0.35** 
K(2) 0.30** 0.34** 0.34** 0.37** 0.40** 0.40** 
A2(l) 0.33** 0.16** 0.14** 0.14** 0.33** 0.31** 
A2(2) 0.27** 0.19** 0.23** 0.32** 0.27** 0.29** 
S(l) 0.10* 0.11* 0.10* 0.17** 0.19** 0.14** 
S(2) 0.10* 0.13** 0.11* 0.17** 0.18** 0.18** 
A3(l) 0.24** 0.26** 0.23** 0.22** 0.24** 0.21** 
A3(2) 0.32** 0.33** 0.36** 0.38** 0.38** 0.39** 
Mean 0.25** 0.25** 0.21** 0.27** 0.30** 0.28** 
Significant at 1 and 5% levels, respectively. 
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accuracy of GYLDs from unreplicated designs. Obviously, its success 
depends on the particular land area being used. ARCBU adjustments 
improved the CCs over those for NOADJ in both replications at the A2 
environment, but the adjustment caused a substantial reduction in the CC 
for replicate one of W2 in the same environment. 
CCs averaged (vià Z transformation) across the eight unreplicated 
experiments for C2 were 0.25**, 0.25**, and 0.21** for the ARCBD, NOADJ, 
and NOCH designs, respectively. The mean CCs were not significantly 
different from each other. Comparable CCs for W2 were 0.27**, 0.30**, 
and 0.2b**, respectively. These values were not significantly different 
either. The higher CCs for W2 than for C2 could arise from either or 
both of two causes: (a) W lines may have had better genetic capacity to 
express their yield potentials consistently or (b) the genetic variabili­
ty within W2 may have been greater than that in C2. The results of this 
study show that neither adjustment of GYLDs of oat lines, whether done by 
adjusting for block effects via checks as with the ARCBD procedure or via 
block means for experimental entries as with the NOCH procedure, improved 
the quality of the evaluations of oat lines for GYLD performance. Proba­
bly the intrablock variation for productivity potential was too large for 
the ARCBD and NOCH adjustments to be effective or even appropriate. 
CCs between GYLD means of the oat lines determined in the replicated 
designs (i.e., ARCBD, RCBD, and LD) and the line genotypic GYLD values 
ail were positive and highly significant (Table 13). They ranged from 
0.14** to 0.49**. Not surprisingly, the lowest CCs for both populations 
were obtained in the S environment. The highest CCs were obtained trom 
the K, A2, and A3 environments for population W2 and the K and A3 envi-
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Table 13. Correlation coefficients between the genotypic values for GYLD 
and the mean GYLDs of the lines determined via three 
replicated experimental designs in each of four environments 
Environment 
Population C2 Population W2 
ARCBD RCBD LD ARCBD RCBD LD 
K 0.34** ' 0.37** 0.37** 0.45** 0.49** 0.49** 
A2 0.23** 0.22** 0.25** 0.37** 0.37** 0.37** 
S 0.14** 0.17** 0.16** 0.23** 0.25** 0.25** 
A3 0.35** 0.37** 0.38** 0.38** 0.39** 0.39** 
Mean 0.27** 0.28** 0.29** 0.36** 0.38** 0.38** 
Significant at the 1% level. 
Table 14. Correlation coefficients between the genotypic values for GYLD 
and the mean GYLDs of the lines determined via three 
replicated experimental designs for three combinations of 
environments 
Combination Population C2 Population W2 
of — 
environments ARCBD RCBD LD ARCBD RCBD LD 
A2-K.-A3 0.42** 0.44** 0.45** 0.54** 0.56** 0.56** 
A2-K 0.36** 0.37** 0.38** 0.50** 0.52** 0.53** 
A2-A3 0.35** 0.36** 0.38** 0.45** 0.46** 0.45** 
Mean 0.38** 0.39** 0.40** 0.50** 0.51** 0.51** 
** 
Significant at the 1% level. 
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ronments for C2. As with the unreplicated designs, CCs from the repli­
cated experimental designs for any population-environment combination 
were very similar, and when averaged across environments, the CCs for the 
three designs were nearly identical within each population of oat lines. 
In contrast to the results from the unreplicated designs, however, for 
replicated designs the CCs were considerably higher for population W2 
than for C2. Average CCs for W2 were 0.36**, 0.38**, and 0.38** for 
ARCBU, RCBD, and LD, respectively, whereas the comparable CCs for C2 were 
0.27**, 0.28**, and 0.29**, respectively. The similarity among average 
CCs across environments coupled with the higher CCs for W2 illustrate 
that breeding material can be more important than the experimental aesign 
in conducting a basic study on plant breeding. Thus, oat line evaluation 
for GYLD was not improved by adjusting plot values irrespective of 
whether the adjustments were made via checks or the lattice design. 
In general, CCs obtained from replicated designs were larger than 
those from unreplicated designs. Replicated designs give more precise 
estimation of genotypic values for oat lines by canceling out, at least 
in part, the effects of microenvironmental factors that affect the 
genotypic expression of the lines. It is noteworthy, however, that in 
general, a CC from an unreplicated experiment reflected the same 
information as given by the comparable CC from a replicated experiment. 
An important question and one which could be the subject of another 
study, of course, is whether an unreplicated experiment that permits 
testing X lines will give a larger genetic gain than an experiment with 
0.5x lines and two replications. 
CCs between the genotypic values for GYLD and the line means for 
various combinations of environments are given in Table 14. CCs always 
were positive and highly significant and substantially higher than CCs 
averaged across environments. The highest CCs were obtained from the A2-
K-A3 combination. CCs for the A2-K combination were intermediate, and 
the A2-A3 combination gave the lowest CCs. A2-K-A3 involved two loca­
tions and two years: ""Thus, it gave greater control of genotype x 
environment (GxE) interaction. These results agree with an axiom of 
plant breeding which says that decisions about what genotype is the best 
must be based on data collected over several years and several locations 
(e.g., Sprague and Federer, 1951; Horner and Frey, 1957; Eberhart and 
Russell, 19b6). The ARCBD design gave consistently, although only 
slightly, lower CCs than did the other two designs. Averaged across 
combinations, they were 0.38**, 0.39**, and 0.40** for ARCBD, RCBD, and 
LD, respectively, in population C2 and comparable CCs for population W2 
were 0.50**, 0.51**, and 0.51**, respectively. The differences in magni­
tude of the CCs from ARCBD, RCBD, and LD analyses, however, were very 
small and of little practical significance. LD analysis, in general, 
gave the highest CCs but its superiority was very small also. The small 
differences among CCs for the experimental designs for both replicated 
and unreplicated situations indicates that adjustment of plot or mean 
values to correct for heterogeneity of environmental productivity poten­
tials had little or no value over using the original measurements to 
estimate the genotypic worth of oat lines. 
CCs give a measure of the degree of covariation among two variables, 
which in this study represent two estimates of grain yielding ability of 
oat lines. Of more importance to a plant breeder, however, is to know 
whether the selected genotypes constitute a sample whose genotyplc mean 
is appreciably higher than the genotypic mean of the population from 
which the sample was selected. There can be a situation where a 
population of lines can show a sizable correlation but yet selection may 
be unsuccessful if most lines show a high degree of association but 
superior lines for genotypic values perform poorly in a particular 
environment. On the other hand, successful selection can be accomplished 
in those situations where proper ranking of superior genotypes is 
achieved even though the CCs are relatively low. Therefore, more 
reliable indicators of the relative efficiencies of the various designs 
for selection are required. 
2. Gains from selection 
Another method for judging the efficiencies of various experimental 
designs, both replicated and unreplicated, for plant breeding programs is 
to determine the improvements In GYLD that can be obtained from selection 
when the designs are used. In this study, selection intensities of 10, 
25, 50, 75, and 90% were applied tor GYLD in the ARCBD, NOADJ, and NOCH 
unreplicated designs, and the actual gains in the genotypic values for 
GYLD were calculated. All gains from selection were zero or positive 
except in both populations at a 90% selection Intensity in S environment 
(Table 15). This environment tended to give the lowest gains at all 
selection Intensities which is consistent with the low CCs between 
experimental and genotypic values for GYLD for this environment. At the 
90, 75, and 50% selection Intensities, all three aesigns showed about 
equal gains from selection for-GYLD. At the 10 and 25% intensities, 
Table 15. Actual gains in GYLD (%} from selection in three unreplicated experimental designs in 
each of eight environments by using 10, 25, 50, 75, and 90% selection Intensities 
10% 25% 50% 75% 90% 
Environ-
ment 
ARCBD NOADJ NOCH ARCBD NOADJ NOCH ARCBD NOADJ NOCH ARCBD NOADJ NOCH ARCBD NOADJ NOCH 
Population C2 
K(l) 7.1 8.3 6.1 4.8 5.0 3.6 2.9 2.7 2.3 1.6 1.5 1.2 0.9 0.4 0.6 
K(2) 6.9 9.3 9.4 6.4 6.0 5.8 3.3 4.0 3.3 1.8 1.9 2.1 0.9 1.1 1.0 
A2(l) 5.2 5.1 3.4 3.6 3.6 4.0 2.1 1.9 2.0 1.0 0.9 0.9 0.2 0.4 0.5 
A2(2) 4.1 3.7 6.2 3.8 4 1 4.0 2.3 2.6 2.1 1.8 1.1 2.0 0.9 0.5 0.7 
S(l) 4.1 4.8 4.3 1.6 3.0 2.8 1.2 0.3 0.8 0.5 0.3 0.4 0.3 0.5 0.3 
S(2) 4.1 5.6 4.1 2.6 3.5 2.4 1.0 1.5 1.9 0.7 0.5 0.3 0.0 0.0 -0.2 
A3(l) 3.0 7.1 4.9 3.3 5.0 5.4 2.8 2.9 2.6 2.1 1.7 1.5 0.9 0.6 0.7 
A3(2) 6.7 6.0 6.7 4.4 5.0 5.1 3.4 3.9 3.6 2.2 2.4 2.6 1.1 0.9 1.4 
Mean 5.2 6.3 5.6 3.8 4.4 4.1 2.4 2.5 2.3 1.5 1.3 1.4 0.6 0.6 0.6 
Population W2 
K(l) 9.6 10.5 8.8 8.1 8.1 7.4 4.5 5.6 4.5 2.4 2.6 2.7 1.0 1.2 1.1 
K(2) 11.8 12.6 12.0 8.1 9.4 8 0 4.8 5.1 5.2 2.3 2.7 2.5 1.0 0.8 1.0 
A2(l) 13.0 11.7 10.7 7.2 7.5 6.1 4.2 4.0 3.7 2.1 2.0 2.2 0.7 0.6 0.8 
A2(2) 8.4 9.7 9.2 6.4 5.6 6.0 3.7 3.6 3.8 1.4 1.7 2.1 0.8 0.9 0.7 
S(l) 5.4 7.7 6.2 4.3 5.0 5.4 2.3 2.2 1.4 0.4 1.0 0.4 0.1 0.2 -0.1 
S(2) 7.5 7.2 6.6 4.9 5.4 5.3 1.3 1.4 1.5 0.7 0.5 0.5 0.3 0.2 0.2 
A3(1) 6.2 7.9 B.l 4.5 5.2 5.1 3.0 3.1 2.5 1.3 1.4 1.2 0.5 0.5 0.5 
A3(2) 9.9 10.8 9.4 6.9 6.8 6.5 4.2 5.0 4.7 2.6 2.7 2.7 1.2 1.1 1.2 
Mean 9.0 9.8 8.9 6.3 6.6 6.2 3.5 3.7 3.4 1.7 1.8 1.8 0.7 0.7 0.6 
Overall 
mean 7.1 8.1 7.3 5.1 5.5 5.2 2.9 3.1 2.9 1.6 1.6 1.6 0.7 0.6 0.6 
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however, the NOADJ technique gave the highest gains and at the 10% 
intensity the advantage was substantial. 
For example, the average gains across unreplicated experiments and 
populations at the 10% selection intensity were 7.1, 8.1, and 7.3% for 
the ARCBD, NOADJ, and NOCH designs, respectively. The nonaajusted design 
gain was about 10% superior to the gains for designs that made use of 
adjustments by either check or block means. 
At the 10 and 25% intensities, gains from selection were sub­
stantially greater for population W2 than for C2. Differences in gains 
from the two populations at these selection intensities were considerably 
greater than the differences among unreplicated designs at the same 
intensities; that is, the genetic material had a greater impact on the 
success of selection than did the unreplicated design. It is important 
to note, however, that selection was successful irrespective of which of 
the three designs was used. 
The actual gains in genotypic values for GYLD from selection via the 
three replicated experimental designs, i.e., ARCBD, RCBD, and LD, 
computed using selection intensities of 10, 25, 50, 75, and 90%, are 
given in Table 16. Actual gains from selection also were computed for 
three combinations of environments, A2-K-A3, A2-A3, and A2-K, and these 
results are given in Table 17. Gains from selection for GYLD were 
positive for all combinations of experimental design, population, and 
selection intensity (Table 16). Gains from selection at a lu% intensity 
when averaged across environments were 5.4, 5.9, and 6.5% for ARCBD, 
RCBD, and LD, respectively, in population C2. Comparable gains for 
population W2 were 10.7, 11.7, and 10.1%, respectively. Of ten selection 
Table lb. Actual gains In GYLD (%) from selection via three replicated experimental designs in 
each of four environments by using 10, 25, 50, 75, and 90% selection Intensities 
10% 25% 50% 75% 90% 
Environ-
ment 
ARCbD RCBD LD ARCBU HCBD LD ARCBD RCBD LD ARCBD RCBD LD ARCBD RCBU LD 
Population C2 
K 5.4 8.5 8.4 6.0 6.0 6.0 3.9 4.4 3.8 2.6 2.5 2.4 1.1 1.2 1.1 
A2 4.3 3.4 7.0 3.6 4.1 5.1 2.6 2.7 3.6 2.0 1.5 1.9 0.8 0.7 0.9 
S 5.9 4.9 4.2 2.7 3.3 2.8 1.5 1.9 2.9 0.9 0.7 1.5 0.3 0.6 0.2 
A3 6.1 7.0 6.5 5.3 5.9 5.1 3.5 4.9 4.1 2.4 2.5 2.3 1.3 1.0 0.9 
Mean 5.4 5.9 6.5 4.4 4.8 4.7 2.9 3.4 3.6 2.0 1.8 2.0 0.8 0.9 0.8 
Population W2 
K 12.5 14.7 12.6 10.6 10.0 10.5 6.5 6.7 5.8 2.6 3.1 2.5 1.0 1.4 1.2 
A2 14.1 12.7 12.6 7.7 7.2 7.5 4.6 4.2 4.2 2.4 2.4 2.5 1.0 0.8 1.2 
S 7.1 9.2 8.2 4.7 5.0 5.5 2.8 3.1 3.2 1.1 1.3 1.3 0.6 0.4 0.6 
A3 9.4 10.1 7.2 7.4 7.6 8.3 5.2 5.0 4.2 2.4 2.1 1.9 1.2 1.4 0.6 
Mean 10.7 11.7 10.1 7.6 7.4 8.0 4.8 4.8 4.4 2.1 2.2 2.0 1.0 1.0 0.9 
Overall 
mean 8.1 8.8 8.3 6.0 6.1 6.4 3.8 4.1 4.0 2.1 2.0 2.0 0.9 0.9 0.8 
Table 17. Actual gains in GYLD (%) from selection via three replicated experimental designs in each 
of three combinations of environments by using 10, 25, 50, 75, and 90% selection intensi­
ties 
Combina- 10% 25% 50% 75% 90% 
tion of 
environ­
ments ARCBD RCBU LD ARCBU RCBD LD ARCBD RCBD LU ARCBD RCBU LD AliuBD RCBD LD 
Population C2 
A2-K-A3 7.9 8.4 7.6 6.2 6.7 7.5 4.7 5.3 4.7 2.9 2.7 2.6 1.7 1.4 1.6 
A2-K 5.4 7.7 8.2 5.1 6.0 6.4 4.1 4.7 4.5 2.6 2.3 2.2 1.1 1.0 1.2 
A2-A3 b.8 6.0 7.2 4.8 5.4 6.2 4.2 4.6 4.5 2.6 2.2 2.8 1.3 1.1 1.1 
hean 6.7 7.4 7.7 5.4 6.0 6.7 4.3 4.9 4.6 2.7 2.4 2.5 1.3 1.2 1.3 
Population W2 
A2-K-A3 13.6 13.6 12.2 11.5 11.1 9.5 7.4 7.4 6.8 3.3 3.b 3.4 1.5 1.7 1.3 
A2-K 14.8 13.6 12.8 10.7 10.5 9.5 6.8 6.5 6.7 3.2 3.5 3.3 1.1 1.4 1.3 
A2-A3 13.6 11.8 13.5 9.8 8.2 8.2 5.4 5.5 4.9 2.8 2.9 2.9 1.3 1.2 1.2 
Mean 14.0 13.0 12.8 10.7 9.9 9.1 6.5 6.5 6.1 3.1 3.3 3.2 1.3 1.4 1.3 
Overall 
mean 10,4 10.2 10.3 8.3 8.0 7.9 5.4 5.7 5.4 2.9 2.9 2.9 1.3 1.3 1.3 
intensity-population combinations given in Table 16, only the 10% 
intensity in the population W2 showed differential gains among the three 
replicated designs. So, all three experimental designs led to successful 
selection for GYLD, but making a choice among them for evaluation among 
genotypes was relatively unimportant. 
There was marked"'environmental influence on the success from 
selection. For example, ARCBD and a 10% selection intensity gave ^ains 
for GYLD in population W2 of 14.1 and 9.4% at A3 and A2, respectively. 
This variation was due to genotype x environment interaction; that is, A2 
was more suitable for estimating genotypic values of the oat lines than 
was A3. Yet, both environments were at the same site, the Agronomy Farm 
at Ames, but they occurred in different years. 
Gains in GYLD from selection among oat lines based upon combinations 
of environments were never inferior to the comparable gains averaged 
across environments (Table 17). Gains from combined analyses reflected 
the same patterns as gains averaged across environments: Experimental 
designs that made use of adjustment showed no decided advantage over a 
KCBD and gains in population W2 were greater than in C2. 
In general, gains from selection in either unreplicated or repli­
cated experiments gave the same conclusion as that obtained from CCs 
regarding the efficiencies of the various designs, the importance of 
genetic material to success from selection, and the importance of GxE 
interaction to making gains from selection. The use of experimental 
designs, either unreplicated (ARCBD and NOCH) or replicated (ARCBD and 
LD), that used adjustments to plot or mean GYLDs was not better than 
NOADJ or RCBD. Success from selection was highly dependent upon the 
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genetic material used, and use of means across several environments gave 
greater gains from selection than did the use of a single environment. 
Gains from selection express the average superiority of selected 
lines but this provides no information about the particular lines 
retained. The ability of an experimental design or site to retain the 
really superior genotypes is an important criterion for judging the 
efficiency of selection. 
3. Percentages of superior lines after selection 
The third method for comparing the efficiencies of various 
unreplicated and replicated experimental designs for plant breeding 
measured the percentages of oat lines in the top decile for GYLD 
(according to genotypic values) that were retained when certain 
percentages of lines were discarded. 
The three unreplicated designs, ARCBD, NOADJ, and NOCH, retained 
about the same percentages of oat lines from the top decile for GYLD for 
a given level of discard (Table 18). This was especially true when the 
lOwGst 10, 25, 50, and 75/4 of the lines were discarded. Tuc thrëe 
designs, when averaged across populations and across environment-
replication combinations, retained 94% of the best decile of the oat 
lines for GYLD when the lowest 10% of the lines were discarded. The 
overall mean percentages of retained lines ranged from 85 to 86%, 63 to 
65%, and 37 to 40% when 25, 50, and 75% of the entries were discarded, 
respectively. When the lowest 90ii of lines were discarded, ARCBD, NOADJ, 
and NOCH unreplicated selection designs retained overall averages of 13, 
22, and 19%, respectively, of the decile of lines with highest genotypic 
Table 18. Percentages of oat lines In the top decile for GÏLD that were retained when the lowest 10, 
25, 5U, 75, and 90% of the lines were discarded on the basis of their performance deter­
mined via three unrepllcated experimental designs at each of eight environments 
Environ­
ment 
10% 25% 50% 75% 90% 
AkCbU NOADJ hlOCH ARCBU MOADJ MOCH ARCBD NOADJ NOCH ARCBD NOADJ NUCH ARCBU NOADJ NOCH 
Population C2 
K(l) 94.3 90.6 92.5 86.8 79.2 79.2 60.4 66.3 58.5 37.7 39.6 35.9 18.9 24.5 17.0 
K(2) 100.0 100.0 98.1 88.7 90.1 90.1 69.8 75.5 69.8 45.3 49.1 45.8 18.9 28.3 28.3 
A2(l) 88.7 86.8 86.8 71.7 67.9 79.2 49.1 49.1 47.2 28.3 28.3 28.3 15.1 13.1 11.3 
A2(2) 94.3 92.5 92.5 86.8 84.9 86.8 54.7 58.5 54.7 32.1 30.2 26.4 9.4 26.3 11.3 
S(l) 92.5 96.2 92.5 79.2 77.5 79.2 49.1 47.2 50.9 20.b 26.3 24.5 7.6 13.2 11.3 
S(2) 84.9 90.6 84.9 75.5 79.2 79.2 49.1 47.2 50.9 34.0 35.9 32.1 15.1 22.6 13.2 
A3(l) 100.0 98.1 100.0 90.6 88.7 88.7 64.2 60.4 66.3 30.2 35.9 41.5 9.4 13.2 9.4 
A3(2) 98.1 96.2 98.1 94.3 90.6 94.3 60.4 70.6 66.3 30.2 35.9 35.9 13.2 17.0 18.9 
Mean 94.1 93.9 93.2 84.2 82.3 84.7 57.8 59.5 58.5 32.3 35.1 33.5 13.4 19.8 15.1 
Population W2 
K(l) 98.1 100.0 98.1 86.8 92.5 92.5 67.9 73.4 64.2 41.5 47.2 41.5 22.6 20.8 22.6 
K(J) 98.1 96.2 100.0 92.4 88.7 90.6 75.5 77.5 81.1 49.1 56.6 52.8 30.2 26.4 32.1 
A2(l) 96.2 98.1 96.2 86.8 88.7 88.7 73.6 69.8 71.7 47.2 50.9 47.2 35.9 37.7 30.2 
A2(2) 98.0 94.3 94.3 86.8 88.7 88.7 75.5 67.9 71.7 41.5 39.6 41.5 17.0 24.5 22.6 
S(l> 88.7 90.6 92.5 79.3 83.0 81.1 66.0 04.2 62.3 39.6 39.6 43.4 15.1 17.0 15.1 
S(2) 90.6 88.7 90.6 79.3 75.5 75.5 54.7 60.4 60.4 35.9 43.4 41.5 20.8 18.9 18.9 
A3(i) 90.6 92.5 90.6 81.1 81.1 77.4 58.5 56.6 54.7 37.7 37.7 34.0 15.1 22.6 20.8 
A3(2) 98.1 100.0 100.0 92.5 94.3 96.2 75.4 79.2 75.4 45.3 45.3 41.5 20.8 22.6 20.8 
Mean 94.8 95.1 95.3 85.6 86.6 86.3 68.4 70.0 67.8 42.2 45.1 42.9 22.2 23.8 22.9 
Overall 
mean 94.5 94.5 94.2 84.9 84.4 85.5 63.1 
00 
03.1 37.3 40.1 38.2 17.8 21.8 19.0 
values for GYLD. NOADJ showed a tendency to be more efficient at 
retaining superior lines for GYLD than were ARCBD and NOCH. Across all 
unrepllcated experiments the percentages of retained lines from the top 
decile were higher for population W2 than for C2: This is consistent 
with the higher actual gains from selection obtained for W2. As with 
other methods for comparing the efficiencies of the unrepllcated designs 
for plant breeding, adjustment of plot or line means via check, or block 
means gave no greater retention of superior oat lines than did the NUADJ 
technique. 
All three replicated experimental designs (i.e., ARCBU, RCBÛ, and 
LD) retained about the same percentage of oat lines from the top decile 
for GYLD at any given selection Intensity-population-environment 
combination (Table 19). Discarding the lowest 10% of lines for GYLD in 
ARCBD, RCBD, and LD gave average retentions of 94, 95, and 9t>Z of lines 
In the top decile, respectively, in population C2, and 97, 98, and 98%, 
respectively, in W2. Discarding the lowest 90% of lines in C2 gave 
retention of 14, 16, and 16% for ARCBD, RCBD, and LD designs, 
respectively, and comparable retentions were 28, 30, and 30%, 
respectively, in W2. This indicates an ability of the superior yielding 
lines in population W2 to express their greater productivity potentials 
across environments, a result which agrees with the finding of Baihaici et 
al. (1976) that among soybean breeding lines, 50, 25, and 25% of the 
genotype x environment interaction for yield was contributed by the low-
yielding, the medium-yielding, and the high-yielding groups, 
respectively. They concluded that yield tests grown in a single 
environment can be used without serious risk of discarding superior 
Table 19. Percentages of oat lines in the top decile for GYLU that were retained when the lowest 
lu, 25, 50, 75, and 90% of the lines were discarded on the basis of their performance 
determined via three replicated experimental designs in each of four environments 
10% 25% 50% 75% 90% 
Environ­
ment 
ARCBU RCBU LD ARCbD RCBl) LD AkCBD KCbU LD ARCBD RCBD LD ARCBD RCBD LD 
Population C2 
K 98.2 96.2 96.2 90.6 88.7 88.7 69.8 73.6 73.6 45.3 41.2 47.2 17.0 2b.4 26.4 
A2 94.3 92.5 92.5 79.3 77.4 79.2 54.7 54.7 56.6 24.5 28.3 26.4 9.4 9.4 13.2 
S 92.5 96.2 96.2 77.4 75.5 81.1 47.2 56.6 56.Ô 28.3 28.3 26.4 15.1 13.2 15.1 
A3 97.1 96.2 100.0 94.3 90.6 92.5 66.0 73.6 71.7 37.7 35.9 41.5 13.2 13.2 9.4 
Mean 93.9 95.3 96.2 85.4 83.0 85.4 59.4 64.6 64.6 34.0 33.4 35.4 13.7 15.7 16.0 
Population W2 
K 100.0 100.0 100.0 92.5 94.3 92.5 75.6 81.1 81.1 58.5 54.7 56.6 28.3 34.0 35.9 
A2 98. 1 98.1 98.1 86.8 88.7 86.8 73.6 73.6 69.8 52.8 50.9 52.8 37.7 35.9 34.0 
S 94.3 94.3 94.3 83.0 83.0 83.0 58.5 64.2 66.0 37.7 37.7 37.7 22.6 28.3 28.3 
A3 96.2 100.0 100.0 90.6 84.9 88.7 73.6 73.6 73.6 43.4 42.6 43.4 24.5 22.6 20.8 
Mean 97.2 98.1 98.1 88.2 87.7 87.7 70.3 73.1 72.6 48.1 46.5 47.6 28.3 30.2 29.7 
Overall 
mean 95.5 96.7 97.2 86.8 85.4 oc
 
64.9 68.9 68.6 41.0 40.0 41.5 21.0 22.9 22.9 
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lines. ARCBU, RCBD, and LD designs retained about the same percentages 
of lines from the top decile for GYLD in a given population-selection 
intensity combination at all multienvironraent combinations (Table 20). 
However, it is rather disappointing that the percentages of retained 
lines after different discarding intensities were quite similar whether 
one utilized unreplicàted designs, replicated designs, or combinations of 
environments. There was less fluctuation among percentages as the number 
of replications in a selection experiment increased, however. 
4. Expected and actual gains from selection 
A fourth method used for comparing the value of adjusting plot or 
line means to reduce the effect of heterogeneity for production potential 
within replications consisted of computing expected gains in GYLD from 
selection and comparing them with actual gains. 
Actual gains constitute a direct measure of the efficiency of a 
procedure for selection whereas expected gains simply indicate which 
selection procedure may give the greatest gains. 
a» Selection based on the GYLDs of the genotypic values For 
method 1, expected gains from selecting the top decile of lines for GYLD 
were based upon the experimental GYLDs from 1982 and 1983. This method 
indicated whether the experimental designs properly ranked the top 
yielding lines. Standard-unit heritabilities computed by correlating the 
genotypic values for oat lines with estimates of their GYLDs in specific 
environments and replications were used to obtain the expected gains. 
Selecting at a 10% intensity generally gave greater actual than 
expected gains (Table 21). Exceptions occurred in both A2 replications 
Table 20. Percentage of oat lines in the top decile for GYLD that were retained when the lowest 10, 
25, 50, 75, and 90% of the lines were discarded on the basis of their performance 
determined via three replicated experimental designs at each of three combinations of 
environments 
Combina- 10% 25% 50% 75% 90% 
tion of 
environ­






































































100.0 100.0 100.0 96.2 98.1 
96.2 100.0 98.1 94.3 96.2 












86 .8  
71.7 


























mean 95.0 97.2 97.5 91.2 90.5 90.6 74.5 77.1 75.5 40.2 48.5 45.6 19.9 24.0 24.8 
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Table 21. Expected and actual gains in GYLD (%) from selection in three 
unreplicated experimental designs in each of eight environ­
ments when a 10% selection intensity was used. Selection was 
conducted on the genotypic values for GYLD and actual gains 
were calculated on the experimental GYLDs 
Environment 
ARCBD NOADJ NOCH 
Expected Actual Expected Actual Expected Actual 
Population C2 
K(l) 5.9 7.0 5.9 7.2 4.7 5.3 
K(2) 7.4 14.6 8.4 16.0 8.4 16.0 
A2(l) 8.1 -1.3 3.9 -1.5 3.4 -0.8 
A2(2) 6.6 3.9 4.7 2.8 5.7 3.4 
S(l) 2.5 -0.9 2.7 3.7 2.5 4.6 
S(2) 2.5 6.2 3.2 8.1 2.7 6.4 
A3(l) 5.9 7.5 6.4 7.9 5.7 7.3 
A3(2) 7.9 10.9 8.1 12.1 8.9 11.6 
Mean 5.8 6.0 5.4 7.1 5.2 6.7 
Population W2 
K(l) 10.0 13.9 10.8 16.4 9.7 13.0 
K(2) 10.2 20.9 11.1 20.8 11.1 21.9 
A2(l) 3.9 17.9 9.1 16.7 8.6 14.1 
A2(2) 8.9 12.0 7.5 11.8 8.0 12.4 
S(l) 4.7 14.3 5.3 14.6 3.9 12.7 
SC2) 4.7 14.1 5.0 15.0 5.0 15.3 
A3(l) 6.1 5.8 6.6 6.0 5.8 3.9 
A3C2) 10.5 14.7 10.5 15.2 10.d 15.8 
Mean 7.4 14.2 8.2 14.6 7.9 13.6 
Overall mean 6.6 10.1 6.8 10.8 6.6 10.2 
and one S replication for population C2, and in one replication of W2 at 
the A3 environment. Except in replication 1 of the A3 environment the 
actual gains for population W2 were much greater than the corresponding 
expected ones. When averaged over unreplicated experiments, the actual 
and expected gains were not greatly different for C2, but for W2 the 
actual gains were about 50% larger than the expected ones. Also, the 
highest expected and actual gains across unreplicated experiments were 
obtained in W2. There were only small differences among the expected 
gains for the three unreplicated designs in both populations but the 
greatest actual gains were given by the NOADJ procedure. Actual gains 
averaged across eight unreplicated experiments were 6.0, 7.1, and 6.7% 
tor ARCBD, NOADJ, and NOCH, respectively, in C2, whereas the comparable 
actual gains in W2 were 14.2, 14.6, and 13.6%, respectively. This 
marginal superiority of the NOADJ procedure is consistent with the 
tendency for this experimental design to give higher correlations and 
retain higher percentages of high yielding lines after discarding. 
Again, adjustment of grain yield via either ARCBD or NOCH unreplicated 
design gave no improvement over NOADJ for estimating GYLDs of oat lines. 
All unreplicated designs gave about the same expected and actual 
gains from selection, but it is significant that all gave successful 
selection. ARCBD, NOADJ, and NOCK gave positive actual gains in 14, 15, 
and 15 out of 16 environment-replication-population combinations, 
respectively. 
All three replicated experimental designs, ARCBD, RCBD, and LD, 
always gave positive actual gains (Table 22), Except in A2 environment, 
the actual gains were substantial in C2, and in W2, the actual gains 
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Table 22. Expected and actual gains in GYLD (%) from selection in three 
replicated experimental designs in each of four environments 
when a 10% intensity was used. Selection was conducted on the 
genotypic values for GYLD and actual gains were calculated on 
the experimental GYLDs 
ARCBD RCBD LD 
Environment 






















































1 0 . 2  
13.8 
10.8 
















Overall mean 8 . 2  10.1 9.5 10.8 8 . 8  1 1 . 1  
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ranged from 10 to 19%. 
There was considerable environmental influence on the expected and 
actual gains, especially in C2. Actual gains in population C2 ranged 
from 1.4 to 10.7%, 0.8 to 11.5%, and 1.3 to 11.5% for ARCBD, RCBD, and LD 
analyses, respectively, whereas the respective comparable ranges in W2 
were 10.2 to 17.3%, 1Ô.6 to 18.5% and 10.9 to 19.2%, respectively. 
Variation in expected gains reflected the variation in heritability 
values whereas actual gains reflected performance of the selected lines 
in the various environments. That success from selection is highly 
dependent on the evaluation environment, however, is a well-known 
phenomenon in plant breeding. 
When averaged over environments, the differences between expected 
and actual gains from selection for GYLD for population C2 were 0.5, 0.0, 
and 0.2% for ARCBD, RCBD, and LD designs, respectively. The comparable 
differences for W2 were 4.3, 2.4, and 4.4%, respectively. The differ­
ences between expected and actual gains for the replicated designs were 
smaller than for the unreplicated designs. This occurred because the 
GYLU of a line is estimated more accurately in replicated than in 
unreplicated designs. The replicated designs increased the expected 
gains materially whereas they had lesser effects on actual gains. 
Perhaps the most disturbing thing about the use of unreplicated 
designs was the very great difference in actual GYLD gains obtained in 
two replications at one environment. For example, actual gains in K(2) 
were two to three times greater than in K(l) for population C2. Further, 
in A2(l) they were negative and in A2(2) they were positive. With a 
replicated design these differences would average out. 
Differences among the replicated designs were not large, but the 
highest actual gains usually were obtained with the LD design. Average 
actual gains across environments from ARCBD, RCBD, and LD analyses in 
population C2 were 6.0, 7.0, and 7.3%, respectively, and in population W2 
they were 14.2, 14.5, and 14.8%, respectively. Thus, the ARCBD adjust­
ments gave lower actuàl gains from selection than did no adjustment, but 
LD adjustment was of some positive value. 
Expected gains from the three-environment combination in general 
were greater than the comparable gains from the A2-K and A2-A3 
combinations (Table 23) and always were larger than the expected gains 
averaged across environments (Table 22). In general, actual gains 
changed very little from unreplicated to replicated to multienvironraent 
analyses, but the expected gains increased materially. With unreplicated 
designs, the expected gains were nearly always smaller than the actual 
ones whereas with multienvironment testing, the expected gains were 
larger than the actual ones in C2 and they were equal in W2. All 
expected gains in each population were calculated on the basis of a 
common set of data (the genotypic values for GYLD). Therefore, Increases 
in magnitude for the expected gains as more replicates were considered in 
the experimental values, were due to the respective increases in 
correlations that were obtained (Tables 12, 13, and 14). Improvement in 
actual gains was expected as they were computed from more replicates, but 
they changed very little from unreplicated to replicated to multi-
environment analyses, indicating that the increases in correlation were 
mainly due to general improvements in the quality of the evaluation of 
line performance and not necessarily to an improvement of the ranking of 
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Table 23. Expected and actual gains in GYLD (%) from selection in three 
replicated experimental designs in each of three combinations 
of environments when a 10% selection intensity was used. 
Selection was conducted on the genotypic values for GYLD and 
actual gains were calculated on the experiment GYLDs 
Combination ARCBD RCBD LD 
of 
























































1 6 . 6  
1 2 . 8  
14.8 
Overall mean 11.5 10.2 11.9 10.3 1 2 . 1  10.6 
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the top yielding lines. 
Expected gains from the combined analyses ranked the experimental 
designs in much the same order as did the actual gains indicating that 
expected genetic gains provide as reliable a method for comparing the 
relative efficiencies of the three experimental designs for selection for 
GYLD. These results èonfirm those of Eagles and Frey (1974) who compared 
five selection indexes for increasing the economic value of oats. 
Expected gains gave the same ranking of the indexes as did actual ones. 
Byth et al. (1969), however, concluded that actual gains computed across 
environments were the only accurate criteria for comparing the relative 
values of selection procedures when substantial genotype x environment 
interaction exists. 
b. Selection based on the experimental values for GYLD For this 
section, expected and actual gains from selection were computed also, but 
expected gains were obtained from the data I collected and actual gains 
were obtained from the genotypic values (method 2). Selection intensity 
was 10% and the standard=unit heritabllities used was the correlation 
between given selection environments and the genotypic values. 
Expected genetic gains from selection by using unreplicated and 
replicated experimental designs on a per-site basis and for three 
combinations of environments (Tables 24, 25, and 26) generally were 
greater than the corresponding expected gains when selection was 
conducted upon gentypic values for GYLD (Tables 21, 22, and 23). Since 
the same heritability values were used to compute the expected gains for 
both directions of selection, the differences in expected gains must be 
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Table 24. Expected and actual gains for GYLD (%) from selection in three 
unreplicated experimental designs in each of eight environ­
ments when a 10% selection intensity was used. Selection was 
practiced on the experimental GYLDs and actual gains were 
calculated on the genotypic values for GYLD 
Environment 
AKCBD NOADJ NOCH 
Expected Actual Expected Actual Expected Actual 
Population C2 
K(l) 10.5 7.1 10.1 8.3 7.5 6.1 
K(2) 14.5 6.9 14.9 9.3 14.9 9.4 
A2(l) 16.7 5.2 7.7 5.1 6.1 3.4 
A2(2) 11.5 4.1 8.3 3.8 9.2 6.2 
S(l) 9.4 4.1 9.3 4.8 8.2 4.3 
S(2) 9.3 4.1 11.5 5.6 9.0 4.1 
A3(l) 12.0 3.0 11.8 7.1 9.9 4.9 
A3(2) 14.2 6.7 15.3 6.0 15.3 6.7 
Mean 12.2 5.2 11.1 6.3 10.0 5.6 
Population W2 
KCl) 17.9 9.6 18.9 10.5 lb.7 8.8 
K(2) 20.1 11.8 21.5 12.6 19.0 12.U 
A2(l) 6.5 13.0 14.9 11.7 5.9 10.7 
A2(2) 14.5 8.4 11.8 9.7 13.6 9.2 
S(l) 13.6 5.4 14.4 7.7 12.2 6.2 
S(2) 16.0 7.5 15.2 7.2 13.8 6.6 
A3(i) 8.9 6.2 9.5 7.9 8.4 S. 1 
A3(2) 15.5 9.9 15.8 10.8 18.8 9.4 
Mean 14.1 9.0 15.3 9.8 13.6 8.9 
Overall mean 13.2 7.1 13.2 8.1 11.8 7.3 
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Table 25. Expected and actual gains for GYLD (%) from ARCBD, RCBD, and 
LD analyses in each of four environments when a 10% selection 
intensity was used. Selection was practiced on the experimen­
tal GYLDs and actual gains were calculated on the genotypic 
values for GYLD 
ARCBD RCBD LD 
Environment 


































































12 .6  
15.5 
1 2 . 6  
1 2 . 6  
8 . 2  
7.2 
1 0 . 1  
Overall mean 13.0 8.1 13.4 8 . 8  13.5 8.3 
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Table 26. Expected and actual gains for GYLD (%) from ARCBD, RCBD, and 
LD analyses for three combinations of environments at a 10% 
selection intensity. Selection was conducted on the 
experimental GYLDs and actual gains were calculated on the 
genotypic values for GYLD 
Combination ARCBD RCBD LD 
of 




















































1 6 . 6  
14.1 
15.4 
1 2 . 2  
12.8 
13.5 
1 2 . 8  
Overall mean 12.7 10.4 1 2 . 6  10.2 13.2 10.3 
due to differences in selection differentials. Selection based on the 
genotypic values for GYLD, on the other hand, gave actual gains (Tables 
21, 22, and 23) that were consistently larger than those obtained from 
selection based on the experimental GYLDs (Tables 24, 25, and 26). This 
happened because selection based on the genotypic values was more 
successful than selection based on experimental GYLDs of the lines. This 
reasoning is substantiated by the fact that the differences between 
actual gains computed by the two directions of selection became smaller 
as selection was based on more replications. This was particularly true 
in population V/2 for which average actual GYLD gains across unreplicated 
experiments, replicated experiments on a per-site basis, and the A2-K-A3, 
combination were 14.2, 14.2, and 14.4%, respectively, when method 1 and 
the ÂRCBD design were applied. The comparable gains from method 2 were 
9.0, 10.8, and 13.6%, respectively. Differences between expected and 
actual gains obtained by method 2 showed a clear trend to decrease as the 
number of replicates used to determine the worth of lines increased. In 
the absence of GxE interaction and soil heterogeneity effects, expected 
and actual gains from the two methods would be the same. In reality, 
however, masking effects of these factors are always present. Plant 
breeders can counteract them to a certain extent by using more 
replications, refined experimental technique, more years and locations, 
etc. 
Expected gains from unreplicated designs exceeded the actual ones in 
all cases, except for one. There was a slight trend for the expected and 
actual gains to rank the three unreplicated designs in a similar order 
for magnitude of gain. But the differences among actual gains and among 
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expected gains for the three designs were small when averaged across 
environments and across environments and populations (Table 24). 
Although in population C2 expected gains from replicated 
experimental designs on a per-site basis were considerably greater than 
the respective actual ones, both classes of gains ranked the three 
' designs identically for magnitude of gain. In population W2, the expected 
and actual gains ranked the replicated designs differently, but the 
disagreements were not substantial (Table 25). 
Differences between expected and actual gains from the three 
experimental design were considerably smaller when combinations of 
environments were used to compute the gains. But generally expected and 
actual gains from combinations of environments did not clearly indicate 
the best experimental design for improving GYLD (Table 26). 
Superior actual gains is the strongest evidence that a given 
selection design is the most efficient one. Expected gains if reliable, 
i.e., if they give precise estimates of actual gains, would be equally 
indicative of efficiency of various designs for plant breeaing. 
Frequently, expected gains exceed actual ones (e.g., Caldwell et al., 
1966; Eagles and Frey, 1974), but if both rank the selection procedure or 
design similarly, either is equally useful. My data show that a more 
precise estimation of actual gains from selection was obtained by using 
more environments but, generally, expected gains compared the relative 
efficiencies of the selection designs quite well. 
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5» Variance-component herltabilitles 
Previous methods for evaluating the relative efficiencies of 
replicated experimental designs for selection were based on the existence 
of prior information on the genotypic values of oat strains for GYLD. 
Another way of assessing their relative efficiencies for selection, which 
does not require prior information, is via variance-component 
heritabilities. Since expected genetic gain tends to be proportional to 
heritability, the most efficient experimental design for selection would 
be the one whose heritability value is the highest. 
Variance-component heritabilities on a per-site basis (Table 27) 
reflected the reciprocal pattern from that shown by coefficients of 
variability (Table 9). Highest heritabilities, in general, were obtained 
from LD. Differences in heritability percentages from ARCBD and RCBD 
were neither sizable nor consistent. The highest averages for 
heritabilities across environments and populations always were obtained 
from LD analyses (Table 28). ARCBD gave higher mean heritabilities than 
RCBD for PH, SYLD, and GR. The superiority of LD to control intra-site 
variability was expressed both as lowest average CVs and highest average 
variance-component heritabilities. There was not perfect reciprocal 
agreement between average CVs and heritabilities, probably because 
different proportions of the genetic variances were expressed by the 
three experimental designs. This lack of consistency illustrates that 
reduction of error variance does not necessarily imply a greater genetic 
advance, and implies that other criteria are needed to evaluate the worth 
of the various experimental designs for selection. 
Variance-component heritabilities from combined analyses, expressed 
Table 27. Variance-component herltabilltles (%) for seven traits of oat lines tested in three 
experimental designs in each of four environments 
A2 A3 K S 
'Pvo-J f irai L 
ARCBD RCBD LD ARCBD 1 RCBD LD ARCBD RCBD LD ARCBD RCBD LD 
Population C2 
HU 92 93 93 8li 90 90 — — — ' — — — 
PIl - - - 78 7b 79 67 64 67 - - -
BYLD 48 48 49 31 39 41 41 39 40 0 6 7 
GYLD 40 39 42 52 49 51 45 42 42 0 0 2 
SYLD 5b 56 56 44 41 46 37 38 40 6 13 13 
HI 49 49 48 76 75 76 48 50 50 20 12 15 
GR 42 42 33 33 34 37 — 
Population W2 
HD 94 94 94 77 78 77 — — — • — — — 
PH - - - 75 76 77 68 69 72 - - -
BYLD 44 35 46 17 20 25 42 44 46 21 20 20 
GYLD 55 48 53 38 44 48 44 48 49 17 18 17 
SYLD 39 31 44 23 20 22 45 46 47 25 25 26 
HI 4« 42 47 31 30 29 56 57 58 29 33 33 
GR 25 14 30 16 14 17 - - - - - -
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Table 28. Variance-component heritabilities (%) for seven traits of oat 
lines from three experimental designs (means for the A2, K, 
and A3 environments) 
Trait 
Population C2 Population W2 Mean 
ARCBD RCBD LD ARCBD RCBD LD ARCBD RCBD LD 
hD* 90 92 ' 92 86 86 86 88 89 89 
PH* 73 70 73 72 73 75 73 72 74 
BYLD 40 42 43 34 33 39 37 38 41 
GYLD 46 43 45 46 47 50 46 45 48 
SYLD 4y 48 47 36 32 38 43 40 43 
HI 57 58 58 45 43 45 51 51 53 
GR* 38 38 40 21 14 24 30 26 32 
^Measured on two experiments. 
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on a per-site basis (Table 29), always were lower than comparable values 
calculated on a per-site basis and averaged across environments and 
populations (Table 28). This reduction in heritability values indicates 
the importance of the genotype x environment Interaction. The highest 
heritabilities occurred for the A2-K combination and the lowest occurred 
' for the A2-A3 combination. This variation in heritability values 
reflects the different proportions of genotype x environment interaction 
variance obtained from the three combinations of environments. 
2 Genotypic variances (d,,) always were larger than comparable genotype 
2 
X environment interaction variances (@ ) and generally, both were lower 
2 than comparable error variances (5^) (Table 30). Exceptions were HD in 
C2 and W2 for which the error component of variance from the A2-A3 
combination was much lower than the genotypic variance. The genotypic 
component of variance was highly significant for all traits, and the 
genotype x environment interaction variance was significant for GYLD, tlD, 
and HI except in a few cases. The significance of the GxE interaction 
for GYLD for all designs and combinations of environments illustrates the 
importance of including years and locations in a testing program. The 
genotype x environment interaction for GR was significant for C2 but 
nonsignificant for W2. 
Variance-component heritabilities calculated for combinations of 
environments generally were larger with LD analysis (Table 31), but those 
from RCbL) and ARCBD analyses were very similar. In most instances, 
heritability values for GYLD for population W2 were larger than 
comparable values from C2, and the differences between the two 
populations were larger than the differences among experimental designs. 
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Table 29. Variance-component heritabilities (%) expressed on a per-site 
basis for six oat line traits from three experimental designs 
at each of three combinations of environments 
Trait 
A2-A3 A2 -K A2 -K-A3 
ARCBD RCBD LD ARCBD RCBD LD ARCBD RCBD LD 
Population C2 
HD as  84 84 - - - - - -
BYLD 25 25 26 37 37 40 29 30 32 
GYLD 22 20 23 27 28 31 25 25 28 
SYLD 35 36 35 41 42 44 36 36 38 
HI 38 37 38 30 31 35 37 37 39 
GR 26 24 25 
Population W2 
HÛ 77 77 77 - - - - - -
BYLD 28 29 31 38 35 37 31 31 32 
GYLD 31 30 32 35 34 34 31 32 32 
SYLD 23 25 25 39 35 40 31 30 32 
HI lb  15 13 37 34 40 26 24 26 
GR 17 17 18 __ 
Table 30. Variance component estimates for six traits of 




environments ARCBD RCËD LD ARCBD 
Population C2 
A2-K-A3 BYLU* 77.3** 72.5** 75.4** 31.7** 
GYLU* 13.6** 12.1** 13.1** 10.4** 
SYLD^ 42.2** 41.4** 41.4** 11.8** 
HI 9.3** 9.1** 9.2** 6.4** 
A2-A3 HD 7.9** 8.2** 8.1** 0.7** 
BYLD 51.7** 50.5** 49.4** 37.1** 
GYLD 10.2** 8.6** 9.7** 10.4** 
SYLD 34.5** 35.6** 32.5** 17.1** 
HI 11.3** 10.7** 10.5** 8.2** 
GR 52.3** 57.2** 49.2** 26.9** 
A2-K liYLD 123.9** 112.7** 119.2** 23.1* 
GYLD 17.9** 15.8** 17.7** 9.7** 
SYLD bO.9** 57.7** 59.2** 7.4 
HI 5.8** 5.9** 6.3** 3.5** 
^Multiplied by 10 
* ** 
' Significant at 1 and 5% levels, respectively. 
jat lines from three experimental designs 
.2 
°GE °e 
RCBD LD ARCBD RCbD LD 
26.0** 23.8** 298.8 285.4 269.1 
8.4** 7.5** 59.6 55.8 54.0 
10.6** 10.2** 129.1 123.7 114.5 
6.1** 5.5** 19.2 18.9 17.7 
0.8** 0.7** 1.8 1.6 1.6 
35.1** 36.2** 233.3 235.6 214.7 
9.8** 9.1** 51.5 49.6 46.3 
15.6** 17.4** 93.5 97.9 88.4 
7.9** 7.7** 20.2 19.8 18.6 
23.6** 29.0** 248.8 259.4 234.7 
17.9 14.3 373.3 342.4 332.9 
7.4** 6.3** 74.2 68.3 66.5 
6.9 4.9 161.2 146.7 140.6 
3.5** 2.5** 20.0 19.3 18.2 
Table 30. (continued) 
2 2 2 
Combination a,. âr.ir â 
of Trait ^ ^^




BYLD 71.8** 70.2** 70.8** 18.8* 11.9 23.0** 2*9.4 291.4 253.9 
GYLD 15.2** 14.8** 15.0** 8.3** 7.5** 8.7** 51.7 48.9 46.3 
SYLD 32.9** 31.9** 31.5** 6.4 3.4 7.9* 132.8 142.2 117.8 
HI 7.0** 6.9** 6.9** 4.5** 4.2** 3.8** 32.3 33.8 31.1 
HD 9.3** 9.3** 9.4** 1.1** 1.3** 1.2** 3.5 3.0 3.0 
BYLD 59.7** 59.5** 61.8** 18.8** 3.3 17.5** 272.5 286.6 238.6 
GYLD 13.4** 12.1** 13.1** 8.6** 7.1** 8.0** 43.6 42.6 39.9 
SYLD 25.9** 26.9** 24.5** 9.1* 1.8 10.5** 140.6 156.2 123.3 
HI 5.0** 4.8** 4.1** 7.0** 6.4** 6.7** 40.0 42.6 38.9 
GR 39.9** 42.3** 40.8** 10.6 -9.7 12.9 381.2 417.6 334.1 
A2-K BYLD 110.5** 98.8** 100.8** 14.8 12.3 25.4** 334.9 340.2 293.2 
GYLD 21.9** 19., 9** 19.7** 8.7** 8.1** lU.O** 62.4 60.1 56.6 
SYLD 48.0** 43.5** 45.9** 2.5 2.1 5.8 143.0 155.0 124.5 
HI 7.0** 6.,9** 6.9** 4.5** 4.2** 3.8** 32.1 33.8 31.3 
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Table 31. Variance-component heritabilitles (%) for seven oat traits 
from three experimental designs in each of three combinations 
of environments 
Trait 
A2-A3 A2 -K A2--K-A3 
ARCED RCBD LD ARCED RCBD LD ARCBD RCBD LD 
Population C2 
HD 90 91 91 - - - - - -
BYLD 40 40 41 54 56 57 56 56 59 
GYLD 36 33 38 43 43 47 50 50 53 
SYLD 52 52 51 58 58 61 62 64 65 
HI 55 55 55 46 47 52 63 63 66 
GR 41 43 40 
Population W2 
HD 87 87 87 - - - - - -
BYLD 44 45 47 55 52 54 57 57 59 
GYLD 47 46 48 52 51 51 57 58 57 
SÏLD 39 40 40 56 52 57 57 56 59 
HI 27 26 24 54 51 57 50 49 52 
GR 28 30 31 _ 
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These results confirm that LD analysis, although marginally so, would be 
the most efficient design for selection. However, multiple-location 




Selection of a high producing and agronomically desirable strain is 
the ultimate goal of plant breeding. To accomplish this goal, field 
testing must occur, and there are a number of experimental designs in 
which genotypes are tested for their relative worth. Often, choice of a 
design is made on the basis of its ability to control the magnitude of 
experimental error. It is not clear, however, whether or not this 
criterion is related to a design's value for selection. This latter 
criterion is of most importance to a plant breeder. 
A. Unreplicated Experimental Designs 
Augmented experimental designs (Federer, 1956) were initiated as a 
response to the breeders' need for efficient testing of large numbers of 
genotypes in the early stages of a breeding program. Check entries are 
randomly assigned to plots in a block to obtain an estimate of the 
experimental error and for use in adjusting performances of test entries 
for interblock soil variation. Federer (1956) recognized that the 
success of performance adjustment in an augmented design depended upon 
the plots in a block being homogeneous for productivity potential. Since 
the primary objective of field testing in the early stages of selection 
is genotype ranking, the assumption of intrablock environmental 
homogeneity becomes crucial. Lin and Poushinsky (1983) indicated that 
random assignment of check entries to plots may not adequately sample the 
variability in the block with the result that the performance adjustments 
may distort the genotype ranking. 
Assessing the value of augmented designs for selection relative to 
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other unreplicated designs needs to be done by examining data from field 
experiments. My results show that selection among oat lines for grain 
yielding ability can be successful from unreplicated designs such as 
ARCBD, NOADJ, and NOCH. Means of actual gains in GYLD across 
environments and populations from selection at a 10% intensity were 7.1, 
' 8.1, and 7.3% for the""ARCBD, NOADJ, and NOCH designs, respectively. When 
the lowest 10, 23, and 50% of the lines were discarded on the basis of 
ARCBD adjusted GYLDs, 95, 85, and 63% of the lines in the top 10% of 
genotypic values for GYLD were retained: The respective percentages of 
lines retained with the NOADJ procedure were 95, 85, and 65% and with the 
NOCH procedure 94, 86, and 63% were retained, respectively. Further, 
correlations between genotypic values for GYLD and the yields of the 
lines determined via ARCBD, NOADJ, and NOCH when averaged across 
environments were highly significant, but they were not significantly 
different from each other (Table 12). 
No other studies have been conducted which compare the efficiencies 
of augmented with other replicated and unreplicated designs for selec­
tion. Perhaps, the most meaningful evaluation In my study Is the one 
that compared success from selection of oat lines for GYLDs when based 
upon unadjusted yields (i.e., the NOADJ procedure) and when based upon 
yields adjusted for block effects via block means (i.e., the NOCH proce­
dure). Adjusting GYLDs via check means, as with the ARCBD unreplicated 
procedure, on average, was not superior to either the NOADJ or NOCH 
techniques for selection of oat lines for GYLD. When all aspects of the 
three designs were taken into account, the NOADJ unreplicated procedure 
appeared to be the most useful for selecting lines for GYLD. Since this 
procedure does not include check plots, it saves land area, labor, etc. 
and thus its efficiency might be even greater than shown in this study 
because the block of test plots would be accommodated in a more compact 
land area. My experiments included check plots in every block to accom­
modate the ARCBD design analysis. In addition, NOADJ requires no adjust­
ment of phenotypic values which results in saving of computer time. 
Thus, neither adjustment, whether done by adjusting for block effects via 
checks, as with the ARCBD procedure, or via block, as with the NOCH 
procedure, improved the quality of evaluation for GYLD of oat lines. So, 
my results do not support the use of NOCH or ARCBD unreplicated design 
over a RCBD unreplicated design. 
My results show that it is possible to use unreplicated experiments 
to successfully select for GYLD of oats, but, on average, success was 
lower and less consistent than from selection using means from replicated 
experiments. Less success occurs because estimates of the genotypic 
values of oat lines become more accurate as replications increase. 
Increased accuracy of estimates results, on average, in a higher propor­
tion of the lines with high genotypic values being retained. In other 
words, it results in a higher probability of making correct decisions 
about what lines to retain. If all effects due to soil heterogeneity 
could be controlled, unreplicated experiments would be the normal proce­
dure for comparing genotypes. No experimental design that gives this 
degree of environmental control yet exists. However, several other 
unreplicated procedures should be investigated by using data from field 
tests. Examples are those proposed by Méndez and Rivera (1976) and Lin 
and Poushinsky (1983) which have been evaluated only in a theoretical 
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sense. 
B. Replicated Experimental Designs 
Yates (1936) introduced lattice designs specifically for replicated 
field experiments which must accommodate large numbers of strains. 
Usually, lattice designs have proven to be efficient for controlling the 
effects of soil variability, but the only measure of efficiency that has 
been made, has depended on magnitudes of error variance. Although 
minimization of error variance should produce better estimates of the 
genotypic worth, more direct measures of the relative efficiencies of 
different designs for plant breeding really need to be done via success 
from selection. My study showed that LD was more efficient than 
replicated ARCBD and RCBD for controlling soil variability, a result that 
agrees with those obtained by Zuber (1942), Cochran (1941), and Johnson 
and Murphy (1943). LD always gave lower coefficients of variation than 
RCBD and ARCBD, and hence, it was the most efficient design. ARCBD was 
superior to RCBD only for HD and GR. The superiority of LD, however, was 
not clearly evident when the three replicated designs were compared via 
success from selection. Correlations between the genotypic values for 
GYLD and the GYLDs of oat lines estimated via the three replicated 
designs, when averaged across environments, were nearly Identical. 
The percentages of lines in the top decile for GYLD genotypic values 
that were retained after discarding the lowest 10, 25, 50, 75, and 90% of 
the lines for GYLD showed little advantage for the LD. 
Furthermore, actual gains from selection, calculated on the 
genotypic values for GYLD, at a 10% intensity, when averaged across 
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environments and populations, gave gains in GYLD of 8.1, 8.8, and 8.3% 
for ARCBD, RCBD, and LD, respectively. Thus, although the gains were 
substantial, they were very similar for all three replicated experimental 
designs. 
Variance-component heritabilities for GYLD was the criterion that 
' showed the greatest advantage of LD over ARCBD and RCBD, and hence was 
the criterion for selection that most nearly agreed with the statistical 
efficiencies of the three designs. This is likely due to the fact that 
the error variance is directly related to variance-component heritabili-
ties and also is used to compute relative statistical efficiencies of 
various experimental designs. 
In general, my results agree with Schutz and Cockerham (1966) in 
that error mean squares and measures of efficiences for selection may not 
rank different designs identically. A plant breeder must use efficiency 
- for selection as only one criterion in choosing an experimental design. 
Additionally, he/she needs an experimental design that is flexible for 
standardizing field layouts, can accommodate any numbers of genotypes, 
and is easy to analyze and cheap to implement. LDs place restrictions on 
the numbers of genotypes that can be tested and, in the absence of modern 
computers, they are difficult to analyze. The use of checks in an ARCbD 
design requires extra space, labor, and time. This space, energy, and 
time could be saved by the use of RCBD. This does not require checks nor 
does it place a restriction on the numbers of entries tested. Further, 
it is easy to use in standardized field layouts. However, if the number 
of entries in an experiment can be accommodated in a LD, the greater 
control of the effects of soil variability and the tendency for LD to be 
the most efficient replicated design for selection would indicate that LD 
is the best alternative for a replicated experimental design. 
C. Importance of the Genetic Material 
It is interesting that for all criteria used to evaluate the effi­
ciencies of the various experimental designs for selection, the success 
was highly dependent upon the population of lines tested. Population W2, 
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which was derived from a hybrid of the type sativa x sterilis, 
always gave better results than those obtained from population C2, whicn 
was a composite of nine three-way matings among six sativa cultivars. 
Further, for every criterion used to assess efficiency of various designs 
for plant breeding, differences were decidedly greater between popula­
tions than among experimental designs. 
A. sterilis has been recognized as a source of genes for several 
quantitatively inherited traits (e.g., Campbell and Frey, 1972; Lawrence 
and Frey, 1976; Takeda and Frey, 1976; Cox and Frey, 1984). My results 
support those findings. Oat lines from V)2, on average, were more consis-
LêûL in GYLiu across environiueriC» than wëïë Hues from C2 as dètéi'minèù by 
correlations between the genotypic values for GYLD and the experimental 
GYLDs of the lines. Average correlations across environments, for in­
stance, were 0.27**, 0.28**, and 0.29** from ARCED, RCBD, and LD, respec­
tively, for C2, whereas the respective correlations for W2 were 0.36**, 
0.38**, and 0.38**. With unreplicated experimental designs, differences 
in the correlations between populations and among experimental designs 
showed the same pattern. Furthermore, the percentages of lines from the 
top decile for GYLD genotypic values of the oat lines that were retained 
after the lowest 10, 25, 50, 75, and 90% of the lines were discarded were 
always higher in W2 than in C2. Discarding the lowest 90% of lines in 
C2, for instance, gave retention of 14, 16, and 16% for ARCBD, RCBD, and 
LD, respectively, whereas comparable retentions in W2 were 28, 30, 30%, 
respectively. That is, about two times as many superior lines were 
retained in W2 as in C2. These results show that breeding material had a 
stronger impact than the experimental designs on plant breeding success. 
D. The Effects of Adjustments 
The objective of the adjustments to plot values or line means via 
check or block means is to remove the effects of soil variability on 
genotypic expression, so as to provide better judgment of the worth of 
oat lines. If the soil variation occurred in only one direction and the 
blocks or incomplete blocks were laid perpendicular to the productivity 
potential gradient, then the adjustment would be perfect. Soil varia­
tion, however, does not occur in a perfect pattern and, further, it is 
usually difficult to know the gradient for productivity potential in a 
given experimental area: Thus, adjustment for intrablock variation for 
productivity potential will tend to be ineffective or even inappropriate. 
My results show that when adjustments were made via check or block 
means, selection of oat lines for GYLD was successful. However, 
adjustments of GYLDs of oat lines via ARCBD and NOCH unreplicated 
experimental designs or ARCBD and LD replicated techniques gave no or 
little advantage for selecting high-yielding oat lines. When selection 
was based upon the experimental GYLDs and actual gains were computed on 
the genotypic values for GYLD,-ARCBD, NOADJ, and NOCH unreplicated 
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designs gave average across environments and populations of 7.1, 8.1, and 
7.3%, respectively, and average actual gains across environments and 
populations were 8.1, 8.8, and 8.3% for ARCBD, RCBD, and LD replicated 
designs, respectively. Therefore, the unreplicated (ARCBD and NOCH) and 
the replicated designs (ARCBD and LD) that used adjustments actually 
' decreased response to selection. Thus, my results on actual gain do not 
support the use of adjustments to plot or mean values for GYLD. Actual­
ly, ARCBD or NOCh designs tended to produce overadjustment, probably due 
to a considerable amount of heterogeneity for productivity potential 
among the plots in a block. Mitchell et al. (1982) also found no advan­
tage from adjusting grain yields for durum wheat and oats, respectively, 
tested in a honeycomb design. NOCH and the honeycomb design have in 
common that the adjustment is made on the basis of the test genotypes. 
For both of these procedures, the adjustment for all lines is not uniform 
in that each is evaluated on the basis of the surrounding neighbors 
(honeycomb design) or the genotypes in the same block (NOCH design). 
That is, the evaluation criterion for all lines is not the same and this 
may contribute to low success from these unreplicated designs. For the 
ARCBD, where adjustments are based on check, entries, a problem may exist 
in the frequency and distribution of check plots. Yates (1936), Federer 
(1956), and Baker and McKenzie (1967) have said that the use of system­
atically distributed check plots produces a biased estimate of error 
variance, but my results suggest that the random occurrence of check 
plots, as with an ARCBD, do not give efficient adjustment of plot values. 
Lin and Poushinsky (1983) also have shown that random check plots may not 
provide adequate adjustment for soil variation. To preclude inappro­
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priate adjustments of plot values, Yates (1936) suggested using an analy­
sis of covariance with the check plots or moving averages being used as 
the independent covariate. Whether the covariance method would have been 
superior to NOADJ or to RCBD and LD replicated designs is unknown, but my 
data clearly show that ARCBD, replicated or unreplicated, is the poorest 
' of the designs testedi 
LD analysis implies an adjustment of entry means on the basis of the 
entries themselves; or, as Yates (1939) said, "LDs are devises for making 
the test genotypes act as control for one another." In these designs, 
the adjustments are made as required, because if no real differences for 
productivity potential occur among incomplete blocks, adjustments would 
not perform useful purpose, and only would increase the experimental 
error. 
E. The Importance of Genotype x Environment Interaction 
In my study, GxE interaction was of major consequence in field 
testing for GYLD of oats. In both populations, the interaction variances 
were highly significant and CCs amorig gêiioCypic values or lines fur GYLD 
and their GYLDs in test environments were always larger for means from 
several environments than from single environments. Further, numbers of 
superior lines retained after culling selection were larger for combina­
tions of environments than for single environment analyses, and expected 
and actual gains from selection were in nearly perfect agreement when 
both were determined from data based on combined analyses. Substantial 
differences between actual and expected gains occurred when they were 
based on single environments. • These results are in agreement with 
87 
earlier reports (e.g., Horner and Frey, 1957; Rasrausson and Glass, 1967; 
Salmon, 1951) that indicated that variety testing should involve a number 
of years and locations. 
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VI. SUMMARY 
Each of two populations of 529 F^-derived lines of oats (Avena 
3 
sativa L.) in the F^, one (W2) developed by interspecific (A. sativa x 
A. sterilis) hybridization and the other (C2) developed by cultivar 
hybridization, and five oat cultivars used as check entries, were tested 
in each of four environments in Iowa. They were evaluated in an aug­
mented randomized complete block (ARCBD), a randomized complete block 
(RCBD), and a simple lattice design (LD) with a field arrangement such 
that one set of plots in a replication accommodated all three designs. 
Each of two replications for a population tested in an environment also 
was used as the basis for studying the efficiency of three unreplicated 
experimental designs for plant breeding. These were the NOADJ, in which 
unadjusted phenotypic values for grain yield (GYLD) were used to judge 
the worth of the oat lines, and the ARCBD and NOCH unreplicated designs 
in which the phenotypic value of a line was adjusted by subtracting the 
corresponding block effect estimated from check and entry means, respec­
tively. 
To compare the efficiencies of the unreplicated and replicated 
experimental designs for selection for GYLD, the genotypic yielding 
abilities of the lines were evaluated by calculating means (called geno­
typic values) for GYLD from data collected from these lines in previous 
experiments. 
Average actual gains in GYLD (calculated from the genotypic values) 
in population C2 from selecting in ARCBD, NOADJ, and NOCH unreplicated 
designs at a 10% intensity were 5.2, 6.3, and 5.2%, respectively, whereas 
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in W2 comparable gains were 9.0, 9.8, and 9.0%, respectively. Average 
correlations between experimental GYLDs and genotypic values in C2 were 
0.Z5**, 0.25**, and 0.21** for ARCBD, NOADJ, and NOCH, respectively, and 
comparable correlations in W2 were 0.27**, 0.30**, and 0.28**, 
respectively. Discarding the lowest-yielding half of the lines in 
' population C2 resulted in an average retention of 58, 60, and 59% of the 
top-yielding decile of oat lines (according to genotypic values) for 
ARCBD, NOADJ, and NOCH techniques, and comparable retentions in W2 were 
68, 70, and 68%, respectively. 
Among the replicated experimental designs, LD was the most efficient 
for controlling intra-site error variance and ARCBD was the least 
efficient. This superiority of LD, however, was not very great and there 
was little difference among the replicated designs when efficiency of 
selection for GYLU was the judgment criterion. Average actual gains in 
GYLD calculated from the genotypic values in population C2 from selecting 
in ARCBD, RCBD, and LD replicated designs were 5.4, 5.9, and 6.5, 
respectively, whereas in W2 comparable gains were 10.7, 11.7, and iO.1%, 
respectively. Average correlation coefficients across environments of 
experimental GYLDs with genotypic values in population W2 were 0.36**, 
0.38**, and 0.39** for ARCBD, RCBD, and LD, respectively, and comparable 
correlations in C2 were 0.27**, 0.28**, and 0.29**, respectively. 
Discarding the lowest-yielding half of lines in population C2 resulted in 
retention of 59, 65, and 65% of the top-yielding decile of oat lines, and 
comparable retentions in W2 were 65, 69, and 69%, respectively. 
Correlation coefficients, percentages of superior lines that are 
retained after culling selection, actual gains from selection, estimates 
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of variance components and variance-component heritabilities also were 
computed for combinations of environments. All criteria for these 
combinations were always higher than the average counterparts for 
individual environments, highly significant genotype x environment 
interaction variances for GYLD occurred in all analyses of combinations 
of environments which^show the importance of testing genotypes in a 
number of years and locations. 
My results showed that the use of experimental designs, either 
unreplicated (ARCBD and NOCK) or replicated (ARCBD and LD), that used 
plot yield adjustments, in general, was not better for selection than 
were NOADJ or RCBD, respectively, neither of which entailed plot 
adjustment. All replicated and unreplicated designs were successful for 
selection according to every criterion used, but making a choice among 
either unreplicated or among replicated designs for efficiency for 
selection was relatively unimportant. Of course, considerations as 
whether the designs require extra plots and additional calculations lead 
me to conclude that the use of NOCH and replicated or unreplicated ARCBD 
are not recommended for evaluation of oat lines. Finally, all criteria 
used to evaluate replicated and unreplicated designs indicated that 
success from selection was highly dependent upon the genetic material 
being used. 
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